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ABSTRACT 


A  performance  analysis  was  conducted  on  two  parachute  recovery  sys¬ 
tems  developed  by  Space  Recovery  Systems,  Inc.  ,  for  the  North  American 
Aviation  B-70  encapsulated  seat  and  the  Fairchild  Stratos  Corporation  USD-^ 
surveillance  drone.  Optimization  of  aerodynamic  and  textile  design,  con¬ 
trolled  deployment  and  opening,  and  use  of  a  cluster  of  two  independently  de¬ 
ployed  parachutes  for  the  USD-5  drone  resulted  in  a  highly  predictable  per¬ 
formance,  in  the  highest  known  drag  area  per  weight  ratio  for  the  USD-5  sys¬ 
tem,  and  a  high  velocity  capability  for  the  B-70  system. 

Equations  were  developed  through  data  analysis  for  the  opening  process 
and  the  drag  area  increase  versus  time  during  parachute  opening  for  extended 
skirt  parachutes.  These  equations  permitted  a  computer  analysis  of  the  total 
parachute  deceleration  process  with  computer  results  showing  less  than  10% 
deviation  from  actual  test  data.  The  developed  computer  method  may  well  be 
suitable  for  performance  analysis  of  recovery  processes  using  ribbon,  ring 
slot,  and  other  solid  material  type  parachutes. 
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1.0  INTRODUCTION 


1 .  1  Background 


Space  Recovery  Systems,  Inc.  (SRS),  El  Segundo,  California, 
in  I960  successfully  completed  the  recovery  system  for  the  encapsulated  seat 
of  the  B-70  Bomber  developed  by  North  American  Aviation  for  the  U.S.  Air 
Force,  and  the  aerial  recovery  and  landing  system  for  the  USD-5  Drone  de¬ 
veloped  by  Fairchild  Stratos  Corporation  for  the  U.S.  Army  Signal  Corps.  In 
each  case,  SRS  developed  the  complete  system,  including  system  installation, 
sequencing  and  ejection  subsystems,  first-stage  deceleration  parachute  and 
final  recovery  parachute  assemblies,  and  the  airbag  shock  absorption  system, 
for  the  USD-5  Drone. 

The  requirements  of  both  recovery  systems  extended  beyond 
the  state-of-the-art  in  such  areas  as  velocity  profile,  allowable  weight  and 
volume,  and  installation  concept.  The  technical  analysis  of  these  two  f:nal 
recovery  parachute  subsystems  is  the  subject  of  this  report. 

Both  systems  include  first-stage  deceleration  or  stabilization 
parachutes.  The  B-70  Capsule  uses  small  ribbon  parachutes,  deployed  from 
the  end  of  telescoping  booms,  for  capsule  deceleration  and  stability  augment¬ 
ation.  These  parachutes  have  been  successfully  tested  at  Mach  2.3  at  70,000 
feet.  First-stage  deceleration  on  the  USD-5  is  accomplished  by  a  single  rib¬ 
bon  parachute  designed  for  operation  at  high  subsonic  velocities. 

1 . 2  Requi  rements 

The  B-70  system  required  the  recovery  of  a  710-pound  encap¬ 
sulated  seat  with  a  sea  level  rate  of  descent  of  28  fps,  an  oscillation  of  less 
than  15  degrees,  an  on -the -deck  recovery  capability  at  a  90 -knot  forward 
velocity,  with  parachute  opening  completed  90  feet  above  ground,  and  safe 
deployment  velocity  of  410  knots  TAS  at  an  altitude  of  15,000  feet  above  sea 
level. 


The  USD-5  Drone  system  was  designed  for  the  recovery  of  a 
•1,800-pound  drone  at  a  sea  level  rate  of  descent  of  23.5  fps  with  minimum 
oscillation  consistent  with  proper  airbag  operation.  Maximum  parachute  de¬ 
ployment  force  was  not  to  exceed  15,000  pounds  at  an  operational  velocity  of 
250  knots  IAS. 


Manuscript  released  by  authors  October  1961  for  publication  as  an  ASD 
Technical  Documentary  Report. 
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1.3 


Development  Histories 


1.  3.  1  The  B-70  Capsule  Recovery  Parachute:  The  B-70  Cap¬ 
sule  recovery  parachute  assembly,  consisting  of  recovery  parachute,  pilot 
chute,  and  deployment  bag-pilot  chute-bridle  line,  is  shown  in  flight  in  Figure  1 
A  10%  extended  skirt  parachute  was  selected  for  the  recovery  parachute  based 
on  the  proven  reliability,  good  stability  and  low  opening  shock  obtained  with  the 
10%  extended  skirt  T-10  troop  parachute.  Considerable  improvements  were 
made  in  aerodynamic  design  and  in  the  construction  details  of  the  canopy  which 
resulted  in  an  improved  speed  capability  and  reduced  the  volume  requirements. 
Initial  calculations  based  on  published  data  resulted  in  a  38-foot  diameter  para¬ 
chute  defined  as  Type  I  in  this  report.  The  high  drag  coefficient  obtained  in 
Phase  I  tests  led  to  a  reduction  in  diameter  to  35.  5  feet  (Type  II),  and  sub¬ 
sequently  to  34.  5  feet  (Type  III),  based  on  reduced  capsule  weight.  Initial  tests 
were  made  with  guide -surface  type  pilot  chutes.  A  permanently  attached  5-foot 
diameter  conical  vane-type  pilot  chute  resulted  in  controlled  parachute  deploy¬ 
ment  and  opening  and,  in  connection  with  reefing,  in  a  reduction  in  parachute 
opening  force. 


The  final  recovery  34.5-foot  nominal  diameter  10%  extended 
skirt  parachute,  weighing  18.5  pounds  in  one  version  and  21.3  pounds  in  an¬ 
other,  is  described  in  detail  in  paragraph  3.2.  A  rate  of  descent  of  28.5  fps 
at  sea  level  was  obtained  with  a  total  capsule  weight  of  710  pounds.  The  21.3- 
pound  parachute  has  been  successfully  deployed  at  463  knots  TAS  at  an  altitude 
of  15,  000  feet  and  has  provided  an  on-the-deck  recovery  at  90  knots  with  a  100- 
foot  safe  altitude,  thus  meeting  ah  requirements.  In  a  test  conducted  by  North 
American,  an  inadvertent  on-the-deck  ejection  was  made  at  570  knots,  with  the 
parachute  opening  at  approximately  560  knots,  resulting  in  full  on-the-deck 
recovery.  For  details,  see  North  American  report  No.  NA61-24-2. 

Fifty-two  engineering  development  tests  were  conducted  with 
the  parachute  system.  Detailed  data  on  the  design,  performance  and  qualifi¬ 
cation  of  this  parachute  recovery  system  are  contained  in  Reference  1,  SRS 
Report  147-588,  "Analysis  of  Parachute  Qualification  Tests  for  B-70  Air  Crew 
Encapsulated  Seat". 

1.3.2  The  USD-5  Drone  Recovery  Parachute:  A  cluster  of 
two  independently,  but  simultaneously  deployed  71 -foot  diameter  conical, 
fully  extended  skirt  parachutes  was  originally  used  for  recovery  of  the  USD-5 
Drone.  Figure  2  shows  an  in-flight  deployment  of  the  parachute  cluster  as- 
s  emblv . 
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During  the  testing,  it  became  obvious  that  the  airbag  impact 
attenuator  subsystem  was  not  as  effective  as  had  been  anticipated,  making  it 
desirable  to  lower  the  rate  of  descent  in  order  to  decrease  the  energy  ab¬ 
sorbed  by  the  airbag  system.  Experience  gained  with  the  71 -foot  diameter 
parachutes  and  revised  packing  techniques  made  it  possible  to  use  a  78-foot 
nominal  diameter  parachute  assembly  which  still  could  be  packed  into  the 
USD-5  Drone  parachute  compartment. 

The  individual  78-foot  diameter  parachute  weighs  64.5  pounds. 
The  cluster  of  two  parachutes,  deployed  at  225  knots  IAS,  was  practically  free 
of  oscillation  and  produced  a  rate  of  descent  of  22.7  fps  (measured  by  photo¬ 
theodolite)  resulting  in  an  average  Cn  of  0.825.  These  parachutes  produce 
61  ft^  of  parachute  drag  area  per  pound  of  parachute  weight  called  "specific 
drag  area",  Cp)S0/Wp.  This  efficiency  value  is  more  than  10%  better  than  any 
other  known  recovery  parachute,  and  probably  even  15%  better  when  compared 
on  an  individual  parachute  basis.  Figure  3  compares  the  B-70  and  USD-5  re¬ 
covery  parachutes  with  other  recovery  parachutes  now  in  use. 

The  USD-5  parachute  cluster  of  two  parachutes  is  deployed  in¬ 
dependently,  left  and  right  of  the  vertical  stabilizer,  from  a  single  compart¬ 
ment.  This  method  has  proven  extremely  successful  and  has  solved  the  dif¬ 
ficult  problem  of  how  to  deploy  a  single  large  parachute  or  a  parachute  cluster 
from  a  compartment  located  directly  in  front  of  the  vertical  stabilizer. 
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2.0  DESIGN  PHILOSOPHY  AND  APPROACH 


2,1  General  Approach 


The  requirement  for  high  performance,  minimum  weight  and 
volume,  low  oscillation  and,  in  the  case  of  the  B-70  Capsule,  high  speed  capa¬ 
bility  required  extensive  investigation  of  parachute  types  and  optimization  of 
parachute  performance,  parachute  design,  and  parachute  installation.  The 
following  approach  was  used  for  both  parachute  assemblies: 

(a)  Both  parachute  assemblies  were  optimized  in  aero¬ 
dynamic  design  of  the  parachute  canopy  and  suspension  line  arrangement  with 
regard  to  high  drag,  high  stability,  and  low  opening  forces. 

(b)  Textile  canopy  design  and  fabrication  were  optimized 
for  minimum  weight  by  eliminating  all  excess  material,  minimizing  connection 
losses,  and  discarding  tradition-bound  design  concepts  in  scams,  fullness  and 
line  connections.  (See  paragraph  2.3) 

(c)  The  parachute  assemblies  were  designed  so  as  to 
maintain  a  completely  controlled  deployment  and  opening  procedure.  This 
was  obtained  by  a  permanently  attached  pilot  chute  positioned  so  that  the  pilot 
chute  remained  inflated  during  reefed  opening  and  disreefing,  and  by  careful 
stowing  of  all  parachute  parts  so  as  to  assure  a  steady  force  between  pilot 
chute  and  parachute  attachment  point  during  all  phases  of  deployment  and  open¬ 
ing.  A  proper  force  balance  was  obtained  between  snatch  force,  reefed  open¬ 
ing,  and  final  opening. 

(d)  A  new  approach  was  used  for  the  deployment  of  the 
cluster  of  two  USD-5  parachutes  stowed  in  front  of  the  vertical  stabilizer  con¬ 
sisting  of  individual  parachute  deployment  left  and  right  of  the  vertical  stabil- 

i  z  e  r  . 


2.2  Ac  rodynamic  Optimization 

The  design  of  a  final  recovery  parachute  system  for  any  aero¬ 
space  vehicle  must  fulfill  some  or  all  of  the  following  requirements: 

(a)  reliability  of  opening  and  operation 

(1>)  low  weight  and  volume 

(c)  low  opening  forces  within  allowable  G  limits 
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(d)  suitable  stability  for  land  and/or  water  recovery 

(e)  suitability  for  cluster  use  (if  required) 

(f)  low  maintenance  and  service 

(g)  simplicity  of  fabrication 

Reliability  of  parachute  opening  is  an  inherent  characteristic 
of  a  particular  parachute  type  documented  by  statistical  analysis  of  conducted 
tests.  Simultaneously,  it  requires  proper  installation  and  parachute  component 
design  so  as  not  to  preclude  otherwise  proper  parachute  opening.  Low  weight 
and  volume  are  products  of  high  individual  parachute  drag,  obtained  by  applying 
optimized  parachute  construction  and  design  features  associated  with  low  para¬ 
chute  opening  forces.  Parachute  opening  forces  depend  upon  factors  inherent 
in  the  particular  parachute  type,  but  can  be  controlled  by  deployment  and  reef¬ 
ing.  Stability  is  an  inherent  parachute  characteristic  for  single  parachutes  of 
a  particular  type.  The  use  of  relatively  unstable  parachutes  in  a  cluster  pro¬ 
vides  a  stable  parachute  system  if  some  basic  ground  rules  are  observed. 
Reference  4,  the  U.S.  Air  Force  Parachute  Handbook,  WADD  Technical  Re¬ 
port  55-265,  page  2-1-20,  and  Reference  5,  the  recently  published  "Handbook 
of  Astronautical  Engineering",  chapter  22-5,  give  summaries  of  parachute 
performance.  The  ribbon  parachute  and  guide -surface  parachute  are  typical 
high  speed  deceleration  and  stabilization  parachutes  giving  good  stability,  low 
opening  shock  but  also  low  drag  and  a  resultant  high  weight  which  makes  them 
less  suitable  for  use  as  final  recovery  parachutes.  Flat  circular  and  flat  con¬ 
ical  parachutes  have  proven  their  reliability  in  numerous  applications  and  pro¬ 
duce  a  high  drag;  however,  their  lack  of  stability  and  high  individual  opening 
shock  makes  them  less  desirable  for  use  as  final  recovery  parachutes.  Ring 
slot  and  ring  sail  parachutes  have  good  stability  and  low  opening  shock,  but  low 
drag  coefficients  in  stable  configurations.  In  the  higher  drag  coefficient  range, 
stability  decays  rapidly,  and  weight  and  volume  are  considerably  higher  than 
that  of  extended  skirt  parachutes.  Extended  skirt  parachutes,  properly  de¬ 
signed,  have  exhibited  a  very  high  drag,  a  stability  of  about  5  to  10  degrees 
and  a  reasonably  low  opening  shock.  In  addition,  extended  skirt  parachutes 
can  bo  optimized  in  aerodynamic  design  as  well  as  in  construction,  and  have 
proven  their  exceptionally  high  reliability  in  applications  as  the  Army  T-10 
standard  troop  parachute,  and  for  several  missile  recovery  projects  such  as 
the  Q-2  and  Beech  KD-4  Drone.  Considerable  performance  data  are  available 
on  these  parachutes  as  a  result  of  numerous  tests.  A  10%  extended  skirt  para¬ 
chute  is  used  for  the  B-70  Capsule.  Considering  the  fact  that  the  capsule  para¬ 
chute  is  a  human  escape  parachute,  it  was  felt  practical  to  benefit  from  the  ex¬ 
tensive  reliability  experience  of  the  Army  T-10  parachute.  Figure  4  shows  urag 
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coefficient  versus  the  ratio  of  suspension  line  length  to  nominal  diameter  for 
several  basic  parachute  types.  For  the  extended  type,  it  can  be  seen  that  Cpj 
will  increase  rapidly  with  increase  in  Ls/D0  up  to  a  value  of  1.0  and  thereafter 
shows  only  a  very  slight  improvement  with  further  increase  in  Ls/Dn.  An 
analysis,  comparing  the  parachute  weight  required  for  a  given  rate  of  descent 
and  vehicle  weight,  shows  that  for  a  lightweight  parachute,  an  LS/DQ  ratio  of 
0.95  will  give  approximately  the  minimum  parachute  weight  and  logically  the 
minimum  stowed  volume.  This  ratio  was,  therefore,  used  for  both  the  B-70 
and  the  USD-5  extended  skirt  parachute.  A  conical,  fully  extended  skirt  para¬ 
chute  was  selected  for  the  USD-5  Drone  based  on  good  experience  with  fully 
extended  skirt  parachutes  for  drone  recovery.  Aerodynamic  optimization  re¬ 
sulted  in  the  high  drag  coefficient  Cq  =  0.825  for  a  cluster  of  two  extended 
skirt  parachutes.  In  addition,  the  cafiopy  design  was  carefully  controlled  for 
the  purpose  of  obtaining  a  canopy  shape  that  complied  with  the  original  aero¬ 
dynamic  design  after  completion. 

2.  3  Parachute  Design  Optimization 


Great  emphasis  was  placed  on  eliminating  excess  weight  and 
volume  and  updating  fabrication  and  design  methods.  It  is  not  known  why,  for 
example,  radial  seams  in  solid  material  parachutes  are  traditionally  1  inch 
wide  and  section  seams  are  5/8  inch  wide,  and  why,  for  example,  7%  of  full¬ 
ness  (Gll-A)  is  used  in  the  canopy.  SRS  conducted  strength  tests  of  all  para¬ 
chute  seams,  suspension  lines,  and  riser  connections.  Based  on  these  tests, 
the  width  of  all  seams  was  decreased  to  a  point  where  full  effectiveness  of  the 
seams  was  maintained  without  sacrificing  strength  or  going  to  difficult  fabri¬ 
cation  methods.  For  example,  the  conventional  1  inch  wide  seam  was  reduced 
to  3/4  inch.  A  proper  ratio  was  selected  between  suspension  lines  and  radial 
scam  strength  assuming  that  the  material  contained  in  the  radial  seam  could 
carry  a  proportionate  amount  of  the  load  of  the  suspension  lines.  Radial  seams 
reinforced  with  tape  were  used,  whereby  the  total  strength  of  tape  plus  material 
was  designed  for  90%  of  the  suspension  line  strength.  Special  care  was  taken  to 
maintain  proper  distribution  of  the  radial  tapes.  Webbing  and  tape  overlap  of 
required  length,  but  not  more,  were  used.  Braided  suspension  lines,  rather 
than  woven  suspension  lines,  were  used  based  on  their  better  strength-weight 
ratio. 


2.4  Deployment  Optimization 


Particular  attention  was  paid  to  optimization  of  the  deployment 
and  opening  sequence. 

2.4.1  The  B-70  Parachute  Assembly:  The  deployment  se¬ 
quence  ol  the  B-70  parachute  assembly  is  shown  in  Figure  5.  The  encapsu¬ 
lated  seat  is  rocketed  from  the  aircraft  and  stabilized  in  free  fall  by  the 
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stabilization  parachutes  and  the  dynamic  action  of  the  booms.  When  the  cap¬ 
sule  has  descended  to  an  altitude  of  15,000  feet,  recovery  is  initiated  by  an¬ 
eroid  switches  using  the  following  sequence  of  deployment: 

(a)  The  parachute  compartment  cover  is  ejected  and  de¬ 
ploys  the  pilot  chute,  stowed  in  a  bag  permanently  attached  to  the  cover;  cover 
and  deployment  bag  then  detach  and  descend  separately. 


pa  rachute . 


(b)  The  pilot  chute,  in  turn,  extracts  the  main  recovery 


(c)  The  main  recovery  parachute  inflates  to  the  reefed 
state.  After  a  2-second  time  delay,  pyrotechni cally  operated  reefing  line 
cutters,  mechanically  armed  at  line  stretch,  sever  the  reefing  line.  The  re¬ 
covery  parachute  then  inflates  fully  and  decelerates  the  capsule  to  a  descent 
rate  at  sea  level  of  approximately  28  fps.  When  seat  ejection  occurs  below 
1  5,000  feet,  the  recovery  sequence  takes  place  immediately. 

A  positive  control  of  deployment  and  parachute  opening  is  ob¬ 
tained  by  a  large  pilot  chute  permanently  attached  by  an  18.5-foot  bridle  line 
to  the  vent  of  the  recovery  parachute.  This  long  bridle  assures  that  the  pilot 
chute  remains  inflated  during  reefed  opening  and  most  of  the  full  opening  period. 
The  pilot  chute  drag  area  is  1.75%  of  the  drag  area  of  the  main  recovery  para¬ 
chute.  This  pilot  chute  performs  three  functions. 

(a)  It  provides  tension  between  pilot  chute  and  recovery 
parachute  attachment  so  as  not  to  allow  any  parts  of  the  parachute  to  deploy 
in  an  uncontrolled  (or  premature)  manner. 

(b)  It  delays  the  canopy  opening  into  the  reefed  stage  at 
high  speeds,  thereby  decreasing  the  opening  shock. 

(c)  It  assures  a  uniform  and  symmetrical  parachute  de¬ 
ployment  and  opening  and  centers  the  parachute  vent  into  a  cone  rather  than 
part  of  a  hemisphere.  This  results  in  a  stress  relief  due  to  the  smaller  radius 
of  individual  parachute  parts  in  the  vent  area  and  prevents  false  vents  and  un  - 
symmetrical  vent  loading  detrimental  to  the  overall  performance. 

The  suspension  lines  are  stowed  in  the  deployment  bag  in  two 
parallel  groups,  thereby  allowing  a  straightforward  deployment  of  the  bag 
without  the  zigzag  motions  that  occur  if  the  lines  are  stowed  in  a  single  group. 
The  canopy  is  tied  in  the  deployment  bag  at  regular  intervals  with  special  break 
ties.  As  the  pilot  chute  starts  deployment  of  the  main  canopy,  it  first  has  to 
deploy  the  two  suspension  line  groups  out  of  individual  rows  of  stow  pockets 
and  then  has  to  deploy  the  canopy,  which  is  securely  held  in  place,  until  the 
deployment  ol  the  lines  is  complete. 
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2.4.2  The  USD -5  Parachute  Subsystem:  The  deployment  of 
the  USD-5  recovery  parachute  is  based  on  the  same  design  philosophy,  that  a 
positive  tension  must  be  maintained  on  the  system  at  all  times.  The  deploy¬ 
ment  is  as  follows;  see  Figure  6. 

(a)  At  the  initiation  of  recovery,  the  parachute  compart¬ 
ment  doors  are  unlocked  and  opened.  Two  drogue  guns,  mounted  forward  of 
the  main  recovery  parachute  container,  fire  small  projectiles  45  degrees  from 
the  vertical.  Connected  to  each  projectile  by  a  short  bridle  is  a  pilot  chute  de¬ 
ployment  bag.  The  drogue  projectile  pulls  the  pilot  chute  deployment  bag  by 
this  bridle  to  the  limit  of  the  pilot  chute  riser  and  then  strips  the  deployment 
bag  from  the  pilot  chute. 

(b)  The  inflated  pilot  chute  deploys  an  extractor  parachute. 

(c)  Each  extractor  parachute  serves  to  deploy  a  main  re¬ 
covery  parachute  on  either  side  of  the  vertical  tail.  The  extractor  parachute 
remains  attached  to  the  apex  of  the  recovery  parachute,  thereby  producing  a 
well  controlled  opening  sequence  of  the  recovery  parachute  similar  to  that  em¬ 
ployed  on  the  B-70  parachute  assembly.  The  extraction  parachute  drag  area  is 
0.9%  of  the  drag  area  of  the  main  or  final  recovery  parachute. 

(d)  The  main  recovery  parachutes  are  initially  deployed 
in  a  reefed  condition.  After  a  6-second  delay  period,  the  parachutes  arc  dis- 
r eefed. 

2.  5  USD-5  Cluster  Deployment 

Prior  to  the  development  of  the  USD-5  parachute  recovery  sys¬ 
tem,  clusters  were  deployed  by  using  a  single  extraction  parachute  and  multiple 
or  individual  deployment  bags  jointly  extracted  by  this  single  extraction  para¬ 
chute.  The  USD -5  Drone  parachute  installation  with  the  parachute  compartment 
in  front  of  the  high  vertical  stabilizer  was  very  unfavorable  for  the  deployment 
of  a  single  parachute  or  a  cluster  of  parachutes  through  the  use  of  a  single  ex¬ 
traction  parachute.  This  was  amply  demonstrated  on  several  drone  projects, 
especially  the  Radioplane  Q-4  Drone  which  had  numerous  changes  in  the  loca¬ 
tion  of  the  parachute  compartment  with  regard  to  the  vertical  stabilizer  in 
order  to  assure  proper  deployment  of  the  single  main  recovery  parachute. 

SRS  proposed  to  use  a  cluster  of  two  parachutes  with  each  parachute  individ¬ 
ually  deployed  right  and  left  of  the  vertical  stabilizer.  In  addition,  the  deploy¬ 
ment  system  was  laid  out  so  that  optimum  clearance  between  individual  drogue 
slugs,  pilot  chutes,  extraction  parachutes,  and  main  recovery  parachutes  could 
be  obtained  with  regard  to  the  vertical  stabilizer.  Spec i a  1  care  was  taken  so 
that  the  entire  deployment  procedure  of  both  parachute  assemblies  was  ex- 
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tremely  uniform.  The  success  of  this  deployment  system  and  the  smoothness 
and  uniformity  of  the  deployment  method  can  be  seen  in  Figure  2.  Throughout 
the  entire  test  series  on  the  USD-5  parachute  system,  no  problems  occurred 
that  had  their  source  in  the  method  of  deployment  of  the  two  individual  para¬ 
chutes.  Figure  6  illustrates  deployment  to  the  left  and  right  of  the  vertical 
tail.  In  addition  to  a  large  permanently  attached  extraction  parachute  providing 
tension  on  all  parachute  parts  during  deployment,  canted  deployment  bags  are 
used  that  position  the  bags  during  extraction  for  adequate  clearance  past  the 
vertical  stabilizer. 
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3.0  PARACHUTE  ASSEMBLY  DESCRIPTIONS 


3.  1  General  Discussion 


Similarities  exist  between  the  B-70  and  USD-5  parachute  as¬ 
semblies  in  that  reliability  and  performance  were  the  prime  requisites  of  their 
design  specifications.  In  the  B-70  system,  the  obvious  reason  was  a  human 
payload;  in  the  USD-5,  a  system  was  needed  to  return  vehicle  and  reconnais¬ 
sance  data  undamaged  and  suitable  for  reuse.  To  achieve  these  ends,  an  op¬ 
timization  of  components  in  regard  to  strength,  weight,  volume  and  function 
was  carried  out  using  the  latest  approaches  in  the  state-of-the-art  as  outlined 
in  Section  2.0  of  this  report. 

3.2  B-70  Parachute  Assembly 

The  final  parachute  system  consists  of  the  following  items: 

(Figure  7) 


(a)  A  34.5-foot  nominal  diameter,  10%  extended  skirt 
recovery  parachute  attached  with  individual  two-legged  risers,  one  on  either 
side  of  the  container,  which  are  mounted  atop  the  escape  capsule. 

(b)  The  recovery  parachute  deployment  bag. 

(c)  A  5-foot  nominal  diameter  conical  vane-type  pilot 
chute  connected  permanently  to  the  recovery  parachute  deployment  bag  and 
the  apex  of  the  recovery  parachute  by  an  18.5-foot  bridle. 

(d)  The  pilot  chute  deployment  bag  connected  to  the  pilot 
chute  by  means  of  an  apex  break  tie  and  to  the  parachute  compartment  cover  by 
a  three-legged  steel  cable. 

The  34.5-foot  diameter  recovery  parachute  has  36  gores  (see 
gore  pattern,  Figure  7)  and  36  suspension  lines,  each  of  750-pound  braided 
cord,  MIL-C-7515  Type  III.  The  canopy  is  fabricated  primarily  of  1.  1  oz/sq  yd 
nylon  cloth,  MIL-C-7020  Type  I,  with  the  upper  10%  of  the  canopy  area  fabri¬ 
cated  of  2.25  oz/sq  yd  nylon  cloth,  MIL-C-7350  Type  I.  The  radial  scam  em¬ 
ployed  for  the  design  of  the  recovery  parachute  consisted  of  4  rows  of  stitches 
over  a  seam  width  of  3/4  inches  as  shown  in  Figure  7. 

The  suspension  lines  are  connected  in  two  groups  via  2-ply 
bridles  of  1-3/4  inch  1  0 ,  000 -pound  webbi  ng  ,  MIL-W -4088  Type  XIX,  to  the 
capsule  attachment  points.  The  parachute  incorporates  a  reefing  line  of  750- 
pound  braided  cord,  MIL-C-7515  Type  III,  passing  through  three  2-second 
delay  reefing  line  cutters.  Ordnance  Associates  Type  OA-D2. 
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The  recovery  parachute  deployment  bag  is  a  shaped  design 
forming  to  the  contour  of  the  container  with  separate  canopy  and  suspension 
line  compartments.  Each  compartment  is  closed  by  the  suspension  line  lock¬ 
ing  loop  method.  Suspension  lines  are  stowed  in  two  parallel  groups  in  stow 
loops  designed  to  provide  a  detention  force  of  15  to  25  pounds;  this  permits 
good  deployment  at  high  as  well  as  low  speeds. 

Connection  between  the  pilot  chute,  deployment  bag  and  recovery 
parachute  apex  is  made  by  a  continuous  bridle,  18.5  feet  long,  which  is  integral 
with  the  deployment  bag  and  pilot  chute.  In  this  way,  forces  can  initially  be 
transmitted  into  the  deployment  bag  reinforcement  webbing  and,  subsequently, 
into  the  apex  of  the  recovery  parachute. 

3.  3  USD-5  Parachute  Assembly 


The  USD-5  parachute  assembly  is  a  twin  system;  therefore, 
only  one  side  will  be  discussed  for  the  sake  of  clarity  and  to  avoid  repetition. 
Each  half  assembly  consists  of  the  following  items  (Figure  8): 

(a)  A  78-foot  nominal  diameter,  25  degrees  conical,  fully 
extended  skirt  parachute  with  a  32.4-foot  riser  connected  with  its  sister  as¬ 
sembly  to  the  ground  disconnect.  From  this  common  point  (ground  disconnect), 
a  three-member  vehicle  riser  connects  the  entire  assembly  to  the  vehicle. 

(b)  The  recovery  parachute  deployment  bag. 

(c)  The  extractor  parachute.  This  is  a  7-foot  nominal 
diameter  ring  slot  parachute  permanently  attached  to  the  main  recovery  para¬ 
chute.  The  use  of  an  extractor  parachute  was  the  most  economical  way,  from 
weight  considerations,  to  extract  the  large  main  recovery  parachute.  Use  of 
a  single  pilot  chute  capable  of  extracting  the  main  recovery  parachute  would 
have  required  a  drogue  gun  and  slug  of  inordinate  size. 

(d)  The  extractor  parachute  deployment  bag. 

(e)  The  box  type  pilot  chute  with  a  nominal  diameter  of 
2.25  feet  which  is  permanently  attached  to  the  extractor  parachute  deployment 
bag . 


(f)  The  pilot  chute  deployment  bag.  This  bag  is  perman¬ 
ently  attached  to  the  drogue  gun  slug  by  a  short  bridle  and  to  the  apex  of  the 
pilot  chute  by  a  break  cord. 

The  78-foot  diameter  recovery  parachute  has  64  gores  (see  gore 
pattern,  Figure  8)  and  64  suspension  lines.  The  canopy  is  fabricated  from  1.1 
oz  sq  yd  nylon  cloth,  MIL-C-7020  Type  I.  The  suspension  lines  are  400-pound 
braided  cord,  MIL-C-7515  Type  III.  The  radial  seam  was  3/4  inches  wide  and 
consisted  of  4  rows  of  stitching  as  shown  in  Figure  8. 


1  1 
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The  canopy  is  reefed  with  a  750-pound  braided  nylon  cord  reefing 
line  using  three  6-second  delay  reefing  line  cutters,  Ordnance  Associates  Type 


OA  D2-6. 


The  recovery  parachute  deployment  bag  is  of  shaped  design 
conforming  to  the  contour  of  the  parachute  container.  Separate  compartments 
for  canopy  and  suspension  lines  are  used  with  each  compartment  closed  by  the 
suspension  line  locking  loop  method.  The  extractor  parachute  riser  is  unsym- 
metrically  attached,  thereby  obtaining  a  canted  position  after  extraction. 

The  pilot  chute  is  a  2.25-foot  nominal  diameter  parachute  of 
box-type  construction  with  four  gores  and  four  suspension  lines. 

Figure  8  is  a  data  chart  giving  the  essentials  of  the  USD-5  main 
parachute  assembly. 
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4.  0  TEST  PROGRAM  AND  RESULTS 


4.1  Test  Programs 


4.  1.  1  B-70  Test  Program:  The  B-70  parachute  tests  were 

conducted  in  four  phases.  Phase  I  consisted  of  rate  of  descent  and  stability 
tests.  Phases  II  and  III  consisted  of  structural  integrity  tests  using  a  repre¬ 
sentative  deployment  system  and  a  cylindrical  drop  test  vehicle  as  test  carrier. 
The  Phase  II  tests  were  conducted  at  low  altitude,  and  the  Phase  III  tests  at 
15,000  feet.  The  Phase  IV  tests  were  systems  tests  at  velocities  and  altitudes 
selected  to  cover  the  specified  flight  recovery  envelope. 

The  original  test  program,  as  proposed  by  Space  Recovery 
Systems,  consisted  of  twenty  aerial  drop  tests. 

Due  to  changes  in  the  design  of  the  parachute,  which  were  intro¬ 
duced  because  of  performance  characteristics  and  changes  in  capsule  weight,  a 
total  of  24  Rate  of  Descent  Tests  were  conducted.  Instrumentation  difficulties 
made  it  necessary  to  conduct  a  total  of  24  Structural  Integrity  Tests  in  order  to 
obtain  sufficient  data  for  qualifying  the  parachute  system. 

The  48  tests  mentioned  above,  together  with  four  recovery  sys¬ 
tem  tests,  resulted  in  a  total  drop  test  program  of  52  tests. 

4.  1.2  USD-5  Test  Program:  The  drop  test  program  consisted 

of  four  phases. 


4.  1.2.  1  Plutse  I,  Recovery  Parachute:  Phase  IA  com¬ 
prised  Rate  of  Descent  and  Stability  Tests  consisting  of  six  tests  at  130  knots 
drop  velocity  and  2,000  feet  altitude,  using  a  drop  weight  of  2,400  pounds  for 
single  and  4,800  pounds  for  double  parachute  systems. 

Phase  IB  tests  covered  structural  integrity  of  the  parachute  as¬ 
sembly;  seven  tests,  ranging  from  drop  velocities  of  150  knots  to  velocities  at 
which  the  damage  suffered  by  the  parachute  would  not  permit  the  successful 
recovery  of  the  USD- 5  Drone. 

Phase  IC  included  the  trajectory  analysis  drop  tests.  The  cxa<  t 
number  of  drops  were  to  be  determined  by  analysis  of  test  results. 

4.  1.2.2  Phase  II,  Deceleration  Parachute:  Five  suc¬ 
cessful  tests  were  to  be  conducted  with  a  high  speed  deceleration  parachute 
using  cylindrical  test  vehicle  dropped  from  a  B-6b  aircraft.  This  parachute 
assembly  is  not  a  subject  of  this  report. 
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4,  1.2.  3  Phase  III,  Recovery  System  (Dummy  Drone) : 

The  Phase  III  series  was  to  consist  of  eight  successful  drops  to  prove  the  com¬ 
patibility  of  the  complete  drone  recovery  system.  The  test  vehicle  was  a  dummy 
drone  of  steel  construction  ballasted  to  simulate  the  USD-5  Drone.  These  drops 
were  to  be  made  with  a  B-47  aircraft  from  low  altitude  at  velocities  from  150 
knots  to  250  knots  indicated  air  speed,  and  drop  weights  of  4,800  pounds  and 
7 ,200  pounds . 


4 .  1.2.4  Phase  IV,  Recovery  System  (Stripped  Drone) : 
The  Phase  IV  recovery  system  tests  were  to  be  conducted  with  a  "stripped" 
version  of  the  USD-5  Drone  to  be  dropped  from  a  B-52  aircraft. 

4.2  B-70  Parachute  Test  Results 


4.2.  1  Test  Summary:  The  B-70  parachute  test  results  are 
shown  in  the  aerial  drop  test  summaries,  Figures  9,  10,  11,  12  and  13.  The 
several  recovery  parachutes  employed  during  the  test  program  are  shown  in 
Table  I. 


TABLE  I 


B-70  Recovery  Parachute  Types 


Type 

Description 

I 

38-foot  diameter  (Lg/D0  -  1.0) 

II 

35.5-foot  diameter  (Ls/D0  =  0.87) 

III 

34.5-foot  diameter  (LS/DQ  =  0.87) 

II  LA 

34.5-foot  diameter  (Lg/D0  =  0.95) 

The  various  pilot  chutes  tested  are  listed  in  Table  II. 

TABLE  II 


B-70  Pilot  Chute  Types 


Type 

Dcsc  ri  ption 

Part  No. 

Suspension 
Line  Length 
(feet) 

I 

48-inch  guide  surface,  ribless 

GFE 

4.0 

11 

60-inch  guide  surface,  ribless 

GFE 

5.0 

III 

68 -inch  octagonal  -  flat 

GFE 

5.7 

IV 

5-foot  solid  conical,  vane 

SRS  588-054 

Type  II 

7.5 

V 

5-foot  solid  conical ,  vane 

SRS  588-320 

5.0 
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4.2.2  Rate  of  Descent:  Rate  of  Descent  was  obtained  by  (1) 
dropline,  and  (2)  photo-theodolite  (Askania)  measurements.  Figures  14,  15 
and  16  are  representative  plots  of  altitude  versus  time  obtained  from  photo¬ 
theodolite  data.  Slopes  taken  from  these  plots  give  rate  of  descent.  Figure 
17  is  a  summary  of  rate  of  descent  and  drag  coefficient  data  obtained  on  the 
various  B-70  parachute  types. 

4.  2.  3  Stability:  A  total  of  18  drops  were  analyzed  to  deter¬ 
mine  the  oscillation  characteristics  of  the  parachute  assembly  at  ground  im¬ 
pact.  This  included  five  tests  with  parachute  Type  I,  12  drops  with  Type  III, 
and  one  drop  with  Type  IILA.  Sixteen  drops  were  analyzed  from  70mm  Hulcher 
photographs;  two  were  plotted  using  the  angle  of  oscillation  from  photo-theodolite 
data.  The  analysis  of  the  Hulcher  photographs  was  accomplished  by  trigono¬ 
metric  evaluation  of  physical  measurements.  The  mathematical  derivation  of 
the  analysis  is  found  in  Appendix  I.  The  method  used  was  to  plot  the  magnitude 
of  oscillation  versus  time  and  the  distance  traveled  by  the  suspended  load  dur¬ 
ing  the  oscillation  of  the  parachute.  Three  of  the  analysis  sheets,  Figures  18, 

19  and  20,  are  typical  examples.  The  average  impact  oscillation  for  the  Type 
III  recovery  parachute  is  8.5  degrees.  It  is  interesting  to  note  that  while  the 
oscillation  occurring  during  the  descent  did  occasionally  exceed  15  degrees, 
this  generally  occurred  just  before  ground  impact  (see  Figures  18  and  19)  when 
turbulent  air  conditions  were  most  likely  to  exist. 

4.2.4  Force  and  Velocity:  A  total  of  19  tests  were  instru¬ 
mented  for  obtaining  force  by  telemetry  and  strain  gage  links,  velocity  versus 
time  by  kine-theodolitc,  and  photo  coverage  by  Hulcher  cameras.  On  15  tests, 
two  of  these  values  were  obtained  and  on  only  four  tests  were  all  three  values 
obtained.  The  difficulty  in  obtaining  proper  coverage  is  partially  explained  by 
the  fact  that  the  main  emphasis  in  this  program  was  placed  on  meeting  sched¬ 
ules  and  operational  requirements  rather  than  on  gathering  data. 

Parachute  force  and  velocity  versus  time  for  test  numbers  29, 

33,  48,  5  1  and  54  are  presented  in  Figures  21,  22,  23,  24  and  25,  together 
with  event  photographs  of  the  parachute  opening. 

Two  drops  (13  and  14)  made  at  240  knots  without  reefing  resulted 
m  recovery,  but  produced  damage  to  canopies  at  opening  force  of  14,000  pounds. 
These  two  tests  served  to  substantiate  the  need  for  single-stage  reefing.  As 
deployment  velocities  increased  through  drops  15,  17  and  19,  a  relatively  high 
dis  reefing  force  occurred,  making  it  necessary  to  increase  the  length  of  the 
reefing  line  from  75  inches  to  106  inches.  Subsequent  tests  reflect  the  im¬ 
proved  balance  between  reefed  forces  and  fully  open  forces,  see  Figure  2  4. 

4.2.5  Structural  Integrity:  Specifications  required  an  opera¬ 
tional  speed  of  i25  knots  (550  fps)  at  sea  level,  and  410  knots  (693  fps)  True 
Air  Speed  (TAS)  at  15,000  feet  with  an  ultimate  safety  factor  of  1.5. 
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Figure  26  shows  that  the  maximum  parachute  force  at  a  velocity 
of  550  fps  at  sea  level  is  approximately  6,100  pounds.  An  extrapolation  of  the 
curve  indicated  that  the  ultimate  load  of  9,150  pounds,  equal  to  1.5  times  oper¬ 
ational  load,  would  result  from  a  drop  velocity  of  approximately  640  fps  (378 
knots),  or  a  16%  higher  velocity.  The  one  test  conducted  at  this  over-speed 
condition  (drop  57)  resulted  in  full  recovery  with  light  damage  to  the  parachute; 
however,  no  force  records  were  obtained.  Drops  13  and  14,  conducted  early  in 
the  program  with  no  reefing,  showed  maximum  parachute  forces  of  13,500  and 
12,800  pounds,  respectively,  with  only  medium  canopy  damage.  This  documents 
that  the  parachute  is  able  to  withstand  forces  in  excess  of  the  ultimate  load  speci¬ 
fied  above.  Tests  subsequently  conducted  at  the  Hurricane  Mesa  Test  Track  ac¬ 
complished  "on-the-deck"  recovery  at  575  knots  TAS  with  only  medium  para¬ 
chute  damage . 


4.2.6  Opening  Process:  Data  plotted  in  Figure  27  shows  para¬ 
chute  deployment  time  (defined  as  time  from  cover  ejection  to  line  stretch)  and 
canopy  filling  time  (defined  as  time  from  line  stretch  to  fully  open  canopy).  It 
should  be  noticed  that  there  is  a  tendency  for  filling  time  to  increase  at  higher 
speeds.  A  similar  tendency  has  been  observed  on  drop  tests  with  28-foot  solid 
flat  parachutes  featuring  a  large  permanently  attached  pilot  chute. 

It  appears  that  the  large  permanently  attached  pilot  chute  has 
but  little  influence  on  filling  time  at  low  speed,  but  has  a  definite  tendency  to 
increase  filling  time  at  high  speeds. 

4.3  USD-5  Parachute  Test  Results 


4.3.  1  Test  Summary:  The  USD-5  parachute  test  results  are 
summarized  in  the  drop  test  summaries,  Figures  28,  29  and  30.  The  four 
phases  were: 


Phase  LA,  Rate  of  Descent  and  Stability 

Phase  IB,  Structural  Integrity 

Phase  II,  Deceleration  Parachute  Tests 

Phase  III,  Recovery  System  Tests  (Dummy  Drone) 

Phase  IV,  Recovery  System  Tests  (Stripped  Drone) 

Two  types  of  recovery  parachutes  were  used  having  nominal 
diameters  of  71  and  78  feet.  The  78-foot  parachutes  were  dropped  only  in  the 
i  luster  configuration.  The  two  types  of  pilot  chutes  used  are  described  in 
Table  Ill  With  clusters,  additional  extraction  parachutes  were  used.  After 
drop  test  Number  11,  the  extraction  parachutes  remained  permanently  attached. 
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TABLE  III 

USD-5  Pilot  Chute  Types 


Type 

Description 

Part  No. 

Suspension 
Line  Length 
(feet) 

I 

68-inch  nominal  diameter 

GFE 

5.7 

octagonal  -  flat 

II 

2.25-foot  nominal  diameter 

510-2231-1 

2.25 

box  type 

4.3.2  Rate  of  Descent:  Figure  31  is  a  typical  plot  of  rate  of 
descent  versus  time  as  taken  from  Askania  photo-theodolite  measurements  on 
the  78-foot  diameter  parachutes.  Average  rate  of  descent  obtained  from  photo- 
theodolite  with  clusters  of  two  78 -foot  diameter  parachutes  at  a  drone  weight  of 
4,800  pounds  was  22.6  fps,  yielding  an  average  drag  coefficient  (Cq  )  of  0.825. 

Data  on  the  71 -foot  parachutes  were  -gathered  from  dropline 
measurements  and  event  time  film  analysis.  Average  rate  of  descent,  obtained 
with  clusters  of  these  parachutes,  at  a  weight  of  4,800  pounds  was  25.9  fps, 
yielding  a  drag  coefficient  (Cjj  )  of  0.765  per  parachute. 

3 

4.  3.  3  Stabi lity :  The  Hulcher  photographs  were  not  available 
on  this  program  as  they  were  on  the  B-70  capsule  progiam;  therefore,  data  on 
the  stability  of  the  USD-5  parachute  assemblies  are  qualitative  rather  than  quan¬ 
titative.  However,  motion  pictures  and  drop  site  observation  by  skilled  observers 
showed  oscillation  to  be  from  5  to  10  degrees  for  single  parachutes.  The  oscilla¬ 
tion  was  practically  zero  for  the  cluster  of  two  parachutes. 

4,3.4  Force  and  Velocity:  Parachute  force  and  velocity  versus 
time,  based  on  drop  test  Number  19,  are  shown  in  Figures  32  and  33.  All  drop 
tests,  except  Number  1,  were  made  with  reefed  parachutes.  The  aerial  drop 
test  summaries,  Figures  28,  29  and  30,  indicate  the  installed  reefing  line  length 
on  each  test. 


4.3.5  Structural  Integrity:  The  initial  specification  required 
safe  deployment  at  250  knots  Indicated  Air  Speed  (LAS).  This  was  expected  to 
be  met  with  a  71 -foot  diameter  parachute  having  a  reinforced  crown.  However 
when  it  was  found  necessary  to  increase  to  a  78-foot  diameter  parachute,  the 
parachute  compartment  volume  would  not  accommodate  the  reinforced  crown. 
The  requirement  was  then  lowered  to  200  knots  IAS;  the  parachute  was  suc¬ 
cessfully  deployed  at  this  velocity  in  test.  It  is  felt  that  reinforcing  the  crown 
would  allow  this  parachute  to  be  deployed  at  considerably  higher  speed. 
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4.3.6  Opening  Process:  In  tests  with  the  USD-5,  it  was  noted 
that  deployment  and  reefed  filling  time  did  decrease  very  little  with  increase  in 
velocity.  This  can  be  attributed  to  the  permanently  attached  pilot  chute. 

4.  3.  7  Cluster  Deployment:  A  total  of  23  parachute  cluster  tests 
were  made  with  the  individually  deployed  parachutes.  At  no  time  during  these 
tests  did  parachute  entanglement  or  vertical  tail  avoidance  (when  a  dummy  or 
stripped  drone  was  used)  become  a  problem.  Since  completion  of  the  test  pro¬ 
gram,  the  independent  cluster  deployment  system  has  worked  perfectly  on  all 
flights  where  main  recovery  parachutes  were  deployed,  resulting  in  13  success¬ 
ful  recoveries  to  date. 
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5.0  DATA  ANALYSIS 


5.  1  Approach 

The  data  analysis  on  both  the  B-70  and  the  USD-5  parachute  as¬ 
semblies  was  made  with  the  clear  objective  in  mind  of  obtaining  data  that  would 
allow  improved  prediction  of  the  performance  of  present  and  future  parachute 
systems.  Parachute  recovery  systems  are  generally  designed  for  decelerating 
an  object  from  a  certain  veloc ity -altitude  condition  to  a  low  velocity  at  ground 
impact,  frequently  in  a  desired  minimum  time  or  at  a  minimum  altitude.  In  a 
parachute  performance  analysis,  therefore,  the  following  factors  have  to  be  in¬ 
vestigated: 

(a)  Parachute  opening  times. 

(b)  Parachute  forces. 


(c)  Parachute  drag  area  increase  versus  time  for  the 
various  stages  of  parachute  opening.  This  is  mandatory  for  computer  analysis. 

(d)  Proper  parachute  staging  (reefing)  for  a  given  para¬ 
chute  drag  area  profile. 


Numerous  attempts  have  been  made  to  solve  the  problem  of  para¬ 
chute  opening,  and  its  resultant  force-time  history,  by  a  strictly  analytical  ap¬ 
proach.  So  far,  only  limited  success  has  been  achieved,  and  no  system  has  been 
developed  that  is  suitable  for  recovery  systems  with  multiple  stage  parachutes. 

A  semi -analytical  approach  is  used  in  this  report  which  was  found  to  be  suitable 
for  engineering  application  and  especially  for  computer  analysis.  The  proposed 
method  agrees,  in  general  terms,  with  the  approach  used  in  Reference  4. 


is  def i ned-  as 


Parachute  opening  time  in  the  Parachute  Handbook  (Reference  4) 


= 


5.  1 


where 


tf  Parachute  filling  time  from  line  stretch  to  fully 

opened  parachute,  seconds 

D  Parachute  nominal  diameter,  feet 

Vs  =  Velocity  at  line  stretch,  respectively 
begin  of  filling  or  dis  reefing,  fps 

n  A  factor  for  a  particular  type  of  parachute 
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This  formula,  developed  eighteen  years  ago  for  ribbon  parachutes 
at  subsonic  speeds,  gives  reasonable  results,  but  does  not  take  into  account  the 
many  subtle  variations  in  parachute  design.  The  formula  is  based  on  the  logical 
assumption  that,  in  accordance  with  the  "law  of  continuity",  a  parachute  of  a 
particular  type  and  diameter  opens  in  the  same  traveled  distance.  This  means 
that  a  certain  column  of  air  has  to  be  swallowed  by  the  canopy  in  order  to  open 
fully. 


The  Handbook  expression  for  parachute  filling  time,  5.  1,  cannot 
be  applied  directly  to  systems  where  reefing  is  employed.  A  correction  factor 
must  be  applied  to  the  nominal  parachute  diameter,  D0.  Since  this  factor  is  re¬ 
lated  to  the  ratio  of  reefed  to  full  open  drag  areas,  the  revised  expression  for 
filling  time  for  a  parachute  opening  into  the  reefed  condition  becomes,  in  general 
form:  t 

n  /  (CqS)r 


H 


.  9 


V, 


<CDS)c 


with 


tfj  =  reefed  fill  time,  seconds 
(CDS)r  =  reefed  drag  area,  square  feet 
(CdS)o  =  full  open  drag  area,  square  feet 


It  is  obvious  that  the  expression 


D 


o 


(CpS)R 
(  (CdS)o  j 


_1_ 

l 


is  the  equivalent  diameter  of  the  reefed  parachute.  A  similar  expression  can 
be  formulated  for  disreef  time.  Paragraph  5.6  gives  exact  equations  on  data 
for  the  various  fill  times  and  n-factors. 


Determination  of  parachute  opening  force  follows  the  method 
developed  by  Pflanz  in  Germany  (Reference  6).  The  Pflanz  system  is  based 
on  an  exact  mathematical  approach  assuming  that  a  body  increases  its  drag 
area,  C.[jS,  in  a  known  time  period,  from  a  small  value  (start  of  parachute 
opening)  to  a  large  value  (fully  opened  parachute)  in  a  given  mathematical 
fashion  (linear,  power,  or  exponential  rate).  This  method  gives  forces, 
travel  distance,  velocitv  and  time  at  maximum  force. 

The  opening  force  calculation  in  the  U.S.  Air  Force  Parachute 
Handbook  is  based  on  this  report  and  can  be  written  in  the  form: 

Opening  force:  F  C()  •  S()  •  q  •  X()  .  X, 

o  1 


dO 
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XQ  =  The  opening  shock  factor  obtained  for  the  infinite  load 
condition  from  wind  tunnel  tests 

X[  =  The  opening  shock  decreasing  factor  obtained  from 
Figure  34  (see  Reference  4) 

In  order  to  determine  Xj,  it  is  necessary  first  to  calculate  a  value  for  "A" 
from  the  expression 

A  =  2W _ 

f  '  CDSo  '  'f  •  8  '  Vs 

The  factor,  Xp  is  based  upon  a  linear  drag  area  increase  with  canopy  filling 
time,  as  given  in  Figure  34  as  a  function  of  "A".  This  system,  which  assumes 
that  filling  time  for  the  various  steps  will  comply  with  Expression  5.  1,  and  that 
the  drag  area  will  increase  linearly  with  time,  is  limited  for  computer  analysis. 
Finding  improved  methods  suitable  for  computer  techniques  was  one  of  the  prime 
goals  of  this  analysis. 

5.2  Approach  to  Computer  Analysis 

In  order  to  utilize  computers  for  the  determination  of  parachute 
trajectories,  it  is  necessary  first  to  examine  the  basic  problem  of  parachute 
opening.  For  simplicity,  it  could  be  assumed  that  parachute  canopy  drag  area 
increased  linearly  with  time.  However,  past  experience  has  shown  that  such  an 
assumption  will,  in  some  cases,  lead  to  a  considerable  error.  Therefore,  in 
order  to  obtain  valid  results  from  the  computer,  it  will  be  necessary  to  deter¬ 
mine  the  manner  in  which  canopy  drag  area  changes  with  respect  to  time. 

For  computer  programming,  it  is  convenient  to  use  mathematical 
expressions  for  this  growth  rate.  From  Figure  35,  typical  possibilities  of  drag 
area  growth  versus  time  can  be  seen.  When  reefing  is  used,  the  shape  of  the 
growth  curves  may  tend  to  change  since  opening  into  the  reefed  state  is  a  con¬ 
siderably  different  process  than  going  to  full  open.  It  could  be  anticipated  that 
only  area  growth  from  reefed  open  to  full  open  would  follow  the  same  form  as 
opening  without  reefing.  The  expressions  which  evolve  from  the  analysis  of 
drag  area  growth  generally  involve  a  time  ratio  raised  to  some  power.  This 
power,  called  m,  would  be  1.0  for  a  linear  relationship. 

Once  a  suitable  expression  has  been  generated  and  fed  into  the 
computer,  the  parachute  drag  area  can  be  permitted  to  grow  with  time  up  to 
some  predetermined  limit.  This  limit  might  be  either  maximum  drag  area, 
maximum  force,  or  total  filling  time.  For  values  of  rn  equal  to  or  greater 
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than  1.0,  the  computer  can  work  to  these  maximum  values  with  no  difficulty. 
However,  if  m  is  less  than  1.0,  then  a  basic  problem  arises.  It  is  no  longer 
possible  to  limit  the  computer  to  a  maximum  drag  area  since  this  value  must 
be  preselected  due  to  the  nature  of  the  expression.  As  a  result  of  this  problem, 
a  trial  and  error  method  must  be  employed. 

Figure  36  shows  a  typical  drag  area -velocity-time  diagram  of  a 
multiple  stage  recovery  system.  Generally  known  are  such  initial  conditions 
as  velocity,  altitude  and  weight,  and  the  same  parameters  for  final  conditions. 
Limiting  factors  are  usually  maximum  parachute  force  (FQ)  and,  frequently, 
altitude  and  time. 

Starting  at  time  zero  with  a  filling  time  from  line  stretch  to  the 
reefed  condition,  t£  ,  and  an  initial  Cj-jS,  the  computer  will  determine  the  maxi¬ 
mum  allowable  re  efed  stage  drag  area  so  that  the  permissible  force  limit  will 
not  be  exceeded.  On  the  opposite  end,  the  drag  area  of  the  final  parachute  is 
known  from  the  given  conditions  of  weight  and  final  rate  of  descent.  The  ter¬ 
minal  velocity  of  the  recovery  parachute  usually  determines  its  maximum  open¬ 
ing  velocity  based  on  parachute  weight  considerations.  Minimum  compartment 
volume  will  generally  call  for  a  minimum  weight  final  recovery  parachute 
(USD-5),  whereas  operational  requirements  such  as  recovery  of  the  B-70  cap¬ 
sule  may  call  for  high  operational  speed  of  the  main  recovery  parachute.  This 
opening  speed  of  the  main  recovery  parachute  then  determines  the  size  of  the 
deceleration  or  first-stage  parachute,  which  must  be  capable  of  decelerating 
the  vehicle  within  reasonable  time  limits  to  the  allowable  opening  velocity  of 
the  main  recovery  parachute.  This  can  be  easily  accomplished  in  a  computer 
analysis  if  the  opening  process,  that  is  the  drag  area  increase  versus  time,  is 
known . 


as : 


Attention  has  to  be  given  in  the  computer  analysis  to  such  factors 


(a)  How  to  handle  the  force  overshoot,  the  so-called  X(J 
factor 


(b)  How  to  handle  exponential  and  power  factor  type  in¬ 
creases  in  drag  area  versus  time 

(c)  How  are  apparent  mass  effects  accounted  for? 

However,  it  should  be  realized  that  in  each  computer  program, 
time,  drag  area,  force  and  altitude  vary  and  that  at  least  two  of  these,  generally 
time  and  drag  area,  have  to  be  varied  simultaneously.  Therefore,  one  of  these 
variables  must  be  preselected  in  order  to  limit  computer  runs  to  reasonable 
nuinbe  rs  . 
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Data  on  extended  skirt  parachutes  are  contained  in  Reference  4 
and  in  a  number  of  reports  published  by  the  USAF  6511th  Test  Group  as  AFFTC 
Technical  Notes  (References  7  and  8).  Reference  4  quotes  a  drag  coefficient 
spectrum  (Cj-j  )  of  0.7  to  0.85  for  the  extended  skirt  parachute,  with  the  high 
value  representing  small  parachutes  at  low  velocities  and  the  low  value  repre¬ 
senting  large  parachutes  at  high  velocities.  Figure  37  shows  drag  coefficient 
versus  rate  of  descent,  as  tabulated  in  Figure  17,  for  the  extended  skirt  para¬ 
chutes  used  for  the  USD-5  and  B-70  programs  in  comparison  to  published  data. 
Considerably  higher  than  published  values  of  drag  coefficients  were  obtained  on 
both  the  B-70  and  the  USD-5  parachutes.  Points  1  and  2  show  the  coefficients 
for  the  B-70  parachutes  and  Points  3  and  4  coefficients  based  on  a  cluster  of 
two  78-foot  diameter  and  71-foot  diameter  USD-5  parachutes.  No  drag  coef¬ 
ficient  data  were  obtained  on  individual  USD-5  parachutes;  therefore,  no  com¬ 
parison  is  possible  between  single  parachutes  and  a  cluster  of  two  parachutes. 
However,  there  is  reason  to  believe  that  the  difference  is  probably  smaller 
than  the  generally  accepted  10%  values.  Drag  coefficient  data  on  several  other 
extended  skirt  parachutes  are  plotted  for  comparison. 

These  rather  good  results  are  credited  to  proper  aerodynamic 
design  of  the  canopy  and  proper  optimization  of  single  parachutes  in  regard  to 
suspension  line  and  riser  length  when  used  in  clusters.  The  high  aerodynamic 
efficiency  of  the  USD-5  parachutes  results  in  a  "specific  drag  area"  of  61  square 
feet  of  drag  area  per  pound  of  parachute  weight;  this  is  the  best  value  obtained 
with  a  parachute  now  in  operational  use. 

5 . 4  Stabi  lity 

The  stability  of  the  single  B-70  capsule  system,  as  described 
in  Paragraph  4.2.3,  is  within  the  limits  discussed  in  the  Parachute  Handbook. 
The  t  5  degree  or  better  stability  of  the  cluster  of  two  USD-5  parachutes  is 
equal  to  or  better  than  the  stability  achieved  on  clusters  used  for  aerial  de¬ 
livery,  and  sufficient  for  use  with  airbag  shock  absorption  systems. 

5.  5  Independent  Deployment  of  a  Cluster  of  Two  Parachutes 


The  independent  deployment  of  a  cluster  of  two  parachutes,  as 
used  on  the  USD-5  Drone,  has  proven  reliable  on  all  tests  with  the  dummy 
drone,  stripped  drone,  and  the  actual  drone  in  operational  flights;  deployment 
has  been  reliable  and  extremely  uniform  in  its  individual  operation.  Film  analy¬ 
sis,  conducted  on  many  drops  with  the  final  assembly,  showed  no  more  than  a 
0.1  second  time  difference  in  any  phase  of  the  two  individual  parachute  deploy¬ 
ments.  However,  it  should  be  emphasized  that  this  was  obtained  by  a  com¬ 
pletely  controlled  and  carefully  designed  deployment  and  parachute  opening 
system  that  leaves  no  part  of  the  parachute  deployment  procedure  to  chance, 
but  controls  each  individual  function  by  maintaining  constant  tension  between 
the  pilot  chute  and  the  parachute  attachment  point  on  the  drone. 
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5.  6  Parachute  Opening  Time 

5.6.  1  Method  of  Evaluation:  Parachute  opening  times  have 
been  evaluated  from  time -coordinated  motion  picture  films  and  from  time- 
controlled  Hulcher  70mm  cameras.  Practically  all  B-70  and  USD-5  drops 
were  evaluated  using  ground-to-air  as  well  as  air-to-air  coverage  for  com¬ 
parison.  On  USD-5  cluster  drops,  where  the  times  could  be  determined  with 
sufficient  accuracy,  filling  times  for  both  parachutes  arc  given.  Evaluating 
the  time  from  line  stretch  to  reefed  inflation  (tf ^ )  on  the  34.5-foot  B-70  para¬ 
chute  was  difficult  due  to  the  large  possible  variations  caused  by  small  time 
errors  which  are  inherent  in  motion  picture  evaluation.  Definitions  used  in 
the  evaluations  are  shown  in  Figure  38. 

All  canopy  filling  times,  reefed  and  unreefed,  were  then  com¬ 
pared  with  the  formula  for  filling  time  (5.1)  and  the  n-factors  determined.  The 
evaluated  filling  times  are  plotted  in  Figure  39  for  the  B-70  tests  and  in  Figure 
40  for  the  USD-5  tests. 

5.6.2  Discussion:  The  following  comments  on  filling  time  can 

be  made. 


(a)  The  filling  time  (tf^)  for  Lhe  unreefed  38-foot  diameter 
B-70  parachute,  used  in  tests  1  through  12,  varies  uniformly  between  1.18  and 
1.53  seconds . 


(b)  The  reefed  filling  time  (tf  )  of  the  34.5-  and  35.5-foot 
parachutes  varies  from  0.29  second  to  about  0.53  second.  It  was  found  that  no 
significant  difference  in  filling  times  was  observed  in  tests  conducted  at  low 
altitudes  (2,000  feet)  and  high  altitudes  (15,000  feet). 

(c)  Disreefing  times  (tf  )  vary  from  about  0.8  econd  to 

about  1.17  seconds. 

It  appears  that  the  large  pilot  chute  has  a  definite  influence  on 

tilling  time. 


(d)  Disreefing  times  for  the  USD-5  vary  from  about  5.19 
seconds  to  6.8  seconds. 

5.6.3  Determination  of  n -Factor:  Figures  41  and  42  show  the 
n-lactors  determined  from  formula  5.1.  The  n-factor  for  unreefed  parachutes 
was  obtained  only  with  the  34.5-foot  diameter  parachute;  no  drops  were  made 
with  unreefed  78-foot  diameter  parachutes.  A  considerable  amount  of  (lata  on 
n-lactors  for  reefed  opening  was  accumulated  due  to  the  fact  that  diameters 
were  known  and  velocity  at  Start  of  filling  could  be  determined  with  negligible 
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error  from  the  drop  speed  and  the  known  drag  area  of  the  test  vehicle.  Only  a 
limited  number  of  n-factors  for  disreefing  could  be  determined  because  the 
velocity  at  the  start  of  disreefing  has  to  be  known  for  this  evaluation.  These 
velocities  could  be  obtained  only  on  drops  where  full  photo-theodolite  coverage 
was  obtained. 

The  data  are  therefore  limited  to  drops  numbered  12,  13,  19 
and  45  for  the  large  USD-5  parachutes,  and  drops  1  7,  29,  33,  51  and  54  on  the 
smaller  34.5-foot  diameter  B-70  parachutes.  On  the  nine  drops  made  with  un- 
rcefed  38-foot  diameter  parachutes,  as  shown  in  Figure  41,  an  average  n-factor 
of  approximately  4.8  was  obtained. 

Considerable  effort  was  spent  in  obtaining  parachute  filling  times 
with  good  accuracy.  This  was  necessary  for  determining  the  n-factor  for  para¬ 
chute  opening  from  line  stretch  to  reefed  opening  due  to  the  short  times  obtained 
for  the  small  B-70  as  well  as  the  large  USD-5  parachutes.  Figure  41  shows  that 
the  n-factor  for  inflation  into  the  reefed  condition  for  the  34.5-foot  diameter  B-70 
parachute  is  reasonably  constant,  between  15  and  20,  in  the  velocity  range  of  ap¬ 
proximately  400  to  650  fps.  The  n-factor  at  disreefing  is  approximately  7  for 
the  large  USD-5  parachutes  and  approximately  4  for  the  smaller  B-70  parachutes. 

The  following  tentative  analysis  is  made  of  data  contained  in 
Figures  41  and  42.  The  n-factor  for  a  parachute  opening  from  the  reefed  con¬ 
dition  can  probably  be  considered  reasonably  similar  to  the  n-factor  for  a  para¬ 
chute  opening  without  reefing.  This  is  based  on  the  fact  that  the  drag  area  of  the 
reefed  parachute  is  small  for  both  B-70  and  USD-5  parachutes,  being  between 
2.5  and  3.5%  of  the  fully  opened  parachute.  This  is  shown  quite  well  in  Figure 
41  where  the  n-factor  for  unroofed  and  disreefing  parachutes  has  roughly  the 
same  value.  The  n-factor  for  the  large  78-foot  and  71 -foot  diameter  parachutes 
is  approximately  7.  However,  data  from  only  six  tests  are  available.  This 
larger  factor  of  7  as  compared  to  4.8  on  the  34.5-foot  parachute  could  be  caused 
by  the  slight  difference  in  canopy  shape,  or  by  the  fact  that  larger  parachutes 
have  a  proportionately  longer  filling  time.  Exact  data,  however,  cannot  be  de¬ 
rived  from  such  a  limited  number  of  tests.  The  n-value  for  parachute  opening 
into  the  reefed  condition  increases  with  velocity. 

The  possibility  exists  that  extended  skirt  parachute  filling  time 
increases  at  higher  speeds.  However,  it  is  more  likely  that  this  increase  is 
caused  by  the  large  pilot  chute,  which  definitely  controls  opening  into  the  reefed 
stage,  thereby  causing  the  high  n-values,  of  approximately  15  to  20,  obtained  on 
the  B-70  parachute  at  400  fps.  No  tests  were  made  with  reefed  parachutes  at  low 
speeds;  therefore,  no  data  are  available  on  n-factors  at  low  speeds. 

Three  drops,  two  with  14. 5-foot  parachutes  and  one  with  a  78- 
foot  oaraehute,  were  conducted  at  15,000  feet  altitudes.  In  no  case  was  a 
change  m  opening  time  noticeable. 
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5.6.4  Filling  Time  Summary:  The  following  equations  can 
now  be  written  for  filling  times  of  extended  skirt  parachutes,  using  definitions 
outlined  in  Figure  38. 

(a)  Full  fill  time,  tf  (unreefed  parachute) 

The  general  formula ,  5.  1,  remains  unchanged, 
n  •  D0 


with  n-values  ranging  from  4.  0  to  7.  0  to  be 
selected  from  Figures  41  and  42. 


(b) 


Reefed  fill  time 

n 


f  (Cp  '  S^R  ^ 

\  (CD  •  S)Q  , 


1_ 

2 


5.  2 


n-values  have  to  be  selected  from  Figures  41  and 
42  in  a  range  from  7.0  to  approximately  20,  de¬ 
pendent  on  velocity  at  line  stretch,  V  ,  and  para 
chute  diameter ,  D 


o* 


(c) 


Disreef  fill  time , 


tf2 


t<- 

‘2 


(CD  .  S)0  -  (CD  .  S)R 


\ 


(CD  .  S)r 


n-values  are  again  selected  from  Figures  41  and 
42,  dependent  on  velocity  at  start  of  disreef,  Vg  , 
and  parachute  diameter,  DQ.  These  n-values  are 
similar  to  values  obtained  for  unreefed  parachutes. 


No  attempt  was  made  within  the  scope  of  this  project  to  find  a 
different  formulation  for  filling  time  than  given  in  Reference  4.  However,  it 
appears  that  this  might  be  well  worthwhile  to  investigate  in  any  future  projects 
of  a  similar  nature. 


5.  7  Drag  Area  versus  Time 

The  available  data  on  drag  area  increase  versus  time  can  be 
divided  logically  into  the  following  four  categories:  (1)  open  unreefed,  (2) 
line  stretch  to  reefed  open,  (3)  reefed  open,  and  (4)  disreef  to  full  open. 
These  four  areas  will  be  discussed  separately. 
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5.  7.  1  Unreefed  Opening:  A  sufficient  number  of  tests  were 
conducted  with  unreefed  B-70  parachutes;  however,  only  partial  instrumenta¬ 
tion  in  the  form  of  ground-to-air  and  air-to-air  motion  picture  coverage,  but 
no  force  data  or  photo -theodolite  trajectory  data  were  obtained.  This  was  suf¬ 
ficient  to  obtain  filling  times,  but  no  drag  area  versus  time  data  could  be  evalu¬ 
ated.  No  unreefed  parachute  drops  were  performed  in  the  USD-5  program. 

5.7.2  Drag  Area  Increase  to  Reefed  Inflation:  Good  data  for 
evaluation  of  drag  area  increase  versus  time,  consisting  of  force,  velocity  and 
event  photography,  were  obtained  on  a  number  of  USD-5  drops.  Data  obtained 
with  the  B-70  parachutes  were  unsu;table  for  drag  area  versus  time  evaluation 
due  to  the  great  fluctuation  of  parachute  force  during  the  short  opening  times 
encountered.  Filling  times  were  obtained  for  both  programs.  Typical  plots  of 
drag  area  versus  time  for  the  USD-5  parachutes  are  shown  in  Figure  43.  Start 
of  inflation  was  taken  at  the  time  when  the  drag  area  was  20  ft^,  and  all  times 
are  determined  from  this  point  which  is  assumed  to  be  full  line  stretch. 

From  Figure  43  it  can  be  seen  that  the  trend  is  for  the  rate  of 
drag  area  growth  to  decrease  with  time.  For  the  general  case,  an  expression 
can  be  developed  for  drag  area  growth  with  respect  to  time.  A  graphical  analy¬ 
sis  of  the  data  revealed  the  type  of  function  which  best  described  the  opening 
process.  If  two  related  variables,  plotted  on  logarithmic  coordinates,  appear 
as  a  straight  line,  the  relation  is  a  power  function  of  the  form 


If  an  exponential  function  of  the  form 


y  = 


mx 

a 


is  plotted  on  semi -logarithmic  coordinates,  it  too  will  plot  as  a  straight  line. 
The  drag  area  increase  was  found  to  be  a  power  function  of  time.  The  power 
m,  is  the  slope  of  the  logarithmic  plot.  Referring  to  Figure  44,  the  expression 
for  drag  area  increase  versus  time  becomes: 

lCDSlx,  <CDS>R  W"’1  5’4 

whe  re 


(CjjS)x  drag  area  at  time,  tx  ^  ,  ft^ 

2 

(CqS)j|  drag  area  at  fully  open  reefed  condition,  ft 


time  from  line  stretch,  seconds 

time  to  reefed  full  open,  seconds 

exponent  for  reefed  opening  determined  by  shape 
of  cii  rve  . 
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The  shape  of  the  curve,  however,  indicates  that  nij  will  be  less 
than  one  and  a  preliminary  analysis  has  established  an  m  value  of  0.5  to  .52. 

It  should  be  noted  that  no  force  overshoot  (xQ  =  1.0)  was  experi¬ 
enced  on  any  tests  for  parachute  opening  into  the  reefed  condition.  (See  Figures 
43  and  46 .  ) 


5.7.3  Reefed  Drag  Area:  Plots  of  drag  area  versus  time 
through  the  reefed  period  for  the  B-70  and  the  USD-5  tests  are  presented  in 
Figures  45  and  46.  An  examination  of  these  figures  reveals  that  reasonably 
consistent  results  were  obtained.  This  is  particularly  true  in  the  case  of  the 
USD-5  Drone  (see  Figure  46)  where  drag  areas  in  the  reefed  condition  remained 
essentially  constant  at  a  value  of  approximately  100  ft  . 


5.  7.  4  Drag  Area  Increase  from  Disreef  to  Full  Open:  Plots  of 
drag  area  increase  versus  time,  after  parachute  disreef,  are  shown  in  Figures 
47  and  48.  Times  are  from  the  start  of  disreefing.  All  curves  have  the  same 
general  shape  showing  a  steadily  increasing  rate  of  growth.  A  similar  system 
of  defining  power  function  or  exponential  function  for  drag  area  increase  versus 
time  was  used,  as  described  in  paragraph  5.7.2.  The  m-factor  again  was  found 
to  be  a  power  function,  but  in  this  case  was  greater  than  one.  This  is  exactly 
the  opposite  of  the  drag  area  growth  characteristics  of  reefed  opening.  From 
Figure  44  the  drag  area  growth  with  respect  to  time  can  be  expressed  as 
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whe  re 


=  (CDS)R  + 
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(CDS)X. 


drag  area  at  time,  t  ,  ft 


(CDs)( 


drag  area  at  full  open  condition,  fF 


lx 


time  from  disreef,  seconds 


exponent  for  disreefing  determined  by  shape  of  curve. 


The  shape  of  the  drag  area  curves  (Figures  47  and  48)  indicates 
that  the  value  of  the'  exponent,  m^,  must  be  greater  than  one  and  from  a  prelim¬ 
inary  analysis,  a  value  on  the  order  of  3  to  4  has  been  established.  A  consider¬ 
able  overshoot  in  drag  area,  compared  to  the  steady-state  drag,  occurred  on  the 
B-70  parachutes  after  disreefing.  A  lower  overshoot  after  disreefing  was  ex¬ 
perienced  on  the  USD-5  parachute.  A  more  detailed  discussion  is  contained  in 
the  computer  analysis  section. 


5.7.5  Discussion:  From  the  preceding  analysis  of  parachute 
drag  area  variation  versus  time,  the  following  general  conclusions  can  be  made: 
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(a)  The  growth  of  drag  area  to  the  reefed  condition  is  not 
linear,  but  is  a  power  function  with  an  exponent  less  than  one. 


(b)  There  appears  to  be  no  overshoot  in  drag  area  when 
opening  into  the  reefed  condition. 

(c)  Perfect  canopy  stability  was  obtained  in  the  reefed 

condition . 


(d)  The  growth  in  drag  area  after  disreef  is  similar  to  an 
unreefed  parachute  and,  again,  a  power  function  can  be  applied.  The  power 
value  determined  from  test  data  is  greater  than  one. 

(e)  Drag  area  overshoot  after  disreefing  has  been  neglected 
since  the  maximum  force  point  occurs  considerably  before  maximum  canopy  area 
has  been  reached.  If  necessary,  normal  overshoot  could  be  programmed  into  the 
computer.  In  this  study,  drag  area  increase  was  halted  at  the  point  of  full  infla¬ 
tion  due  to  the  fact  that  it  did  not  change  the  maximum  force  encountered. 

(f)  It  has  to  be  realized  that  the  drag  area  obtained  in  this 
analysis  is  not  drag  area  in  the  true  classical  sense.  It  actually  constitutes  the 
product  of  instantaneous  force  divided  by  instantaneous  dynamic  pressure  and, 
therefore,  includes  such  effects  as  influence  of  apparent  mass  and  other  factors 
influencing  the  opening  process  of  the  parachute.  However,  as  long  as  these 
factors  are  consistent,  any  computer  analysis  will  be  correct  in  calling  this 
product  "instantaneous  drag  area". 

(g)  The  increase  of  drag  area  versus  time  for  an  unreefed 
solid  material  parachute  can  be  assumed  to  be  similar  to  the  drag  area  increase 
after  disreefing.  The  form  of  drag  area  increase  from  line  stretch  to  reefed 
opening  is  probably  caused  by  the  restriction  in  opening  introduced  by  reefing 
which  slows  the  opening  rate  at  fully  reefed  open  to  zero  in  a  rather  smooth 
fashion . 


5.8  D rag  Area  Ratios 

The  coordinated  fore e -veloc ity -time  data  obtained  on  several 
13-70  and  USD-5  parachute  tests  allowed  an  evaluation  of  drag  area  ratio  versus 
reefing  line  lengths.  Reference  4,  Figure  4-5-9,  shows  drag  area  ratio  versus 
reefing  line  diameter  ratio.  These  data  are  obsolete  and  have  been  replaced  by 
results  obtained  in  numerous  tests  conducted  by  the  6511th  Test  Group,  and  pub¬ 
lished  in  summary  form  by  T.  W.  Knacke  in  his  Purdue  Parachute  Technology 
1  eeture  in  195b. 


The  651  1th  Test  Group  conducted,  as  part  of  the  USD-5  test 
program,  tow  tests  behind  a  C-130  aircraft  with  a  13.4-foot  diameter  ribbon 
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deceleration  parachute  reefed  in  various  stages.  The  results  of  these  tests 
are  plotted  in  Figure  49,  together  with  the  U.S.  Air  Force  Parachute  Hand¬ 
book  data  and  the  data  published  in  Purdue  in  1956.  The  data  obtained  in  the 
C-130  tow  tests  agree  extremely  well  with  the  summary  data  published  by 
T.  W.  Knacke. 


Figure  50  shows  data  evaluated  from  USD-5  and  B-70  tests. 
These  data  are  lower  than  ribbon  parachute  data  and  confirm  the  assumption 
that  a  considerable  difference  exists  between  drag  area  versus  reefing  line 
ratios  of  ribbon  parachutes  and  extended  skirt  parachutes.  Figure  49  contains 
a  proposed  curve  for  extended  skirt  parachutes  which  includes  data  obtained  in 
this  program  as  well  as  data  obtained  on  solid  flat  parachutes  in  the  late  1940's 
at  Wright  Air  Development  Center.  Until  better  data  become  available,  it  is 
assumed  that  these  data  may  be  applicable  for  all  flat  or  conical  solid  material 
parachutes. 
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6.0  COMPUTER  ANALYSIS 


6.  1  Purpose 


The  calculation  of  the  time-velocity-altitude-force  history  of  an 
opening  parachute  is  a  complex  procedure,  especially  if  multiple  step  parachute 
systems  and  vehicle  wake  and  dynamics  on  parachute  opening  has  to  be  con¬ 
sidered.  Close  solutions  appear  possible  for  parachutes  that  open  unrestrained 
without  reefing;  however,  it  is  uncertain  if  a  close  solution  can  be  found  for 
multiple  step  opening  parachute  assemblies.  Manual  calculations  of  the  opening 
process  generally  result  in  time-consuming  methods  and  frequent  numerous  at¬ 
tempts  must  be  made  in  order  to  satisfy  all  of  the  recovery  system  requirements. 
It  has  long  been  felt  that  a  problem  of  this  nature  would  lend  itself  well  to  the 
utilization  of  modern  high-speed  computers.  Several  factors  favor  the  computer 
approach : 


(a)  Greater  accuracy 

(b)  The  ability  to  consider  many  variables  simultaneously 

(c)  Versatility 

(d)  Economy 

In  this  study,  an  attempt  was  made  to  utilize  parametric  data  obtained  in  the 
B-70  and  the  USD-5  analysis  for  the  purpose  of  evolving  a  system  suitable  for 
use  in  the  IBM-1620  computer  available  to  Space  Recovery  Systems,  at  Vidya 
Corporation  in  Palo  Alto,  California.  The  obtained  data  were  then  compared 
with  actual  test  data. 

6.2  General  Approach 


The  computer  will  generally  determine  from  a  set  of  given  con¬ 
ditions,  that  means  from  the  start  of  recovery,  the  velocity-altitude-force 
history  with  time  serving  as  the  independent  variable.  Starting  conditions  are 
generally  altitude,  horizontal  and  vertical  velocity,  and  the  initial  weight.  End 
conditions  art'  normally  landing  altitude,  landing  weight,  and  desired  rate  of 
descent  at  landing.  Limiting  factors  that  arc  frequently  introduced  are:  allow¬ 
able  parachute  opening  force,  minimum  altitude  and  minimum  time.  Any  com¬ 
puter  analysis  of  this  type  automatically  introduces  a  discussion  of  drag  area 
•change  versus  time.  In  fact,  the  computer  does  not  recognize  the  problem  as 
one  of  parachute  recovery,  but  only  as  an  aerodynamic  problem  where  drag 
area  changes  versus  time  in  a  certain  predetermined  pattern  or  a  pattern  to 
be  determined  by  the  computer.  The  various  steps  may  be  automatically 
selected  by  the  computer  based  on  maximum  allowable  parachute  force  as  a 
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product  of  instantaneous  drag  area  versus  instantaneous  dynamic  pressure, 
or  the  computer  may  proceed  with  preselected  times  and  preselected  drag 
areas.  In  discussing  drag  area  change  versus  time  for  opening  parachutes, 
it  is  recognized  that  optimum  conditions  would  be  obtained  by  a  drag  area  in¬ 
crease  versus  time,  that  results  in  a  constant  decelerating  force.  The  mech¬ 
anism  of  this  system  is  generally  referred  to  in  parachute  work  as  continuous 
disreefing.  However,  no  such  system  has  been  developed  at  this  time  that  is 
sufficiently  reliable  for  operational  use.  Only  parachute  systems  that  open  in 
steps,  therefore,  are  considered  in  the  computer  study.  The  general  system 
and  definitions  used  are  shown  in  Figures  36,  38  and  44. 

6.  3  Computer  Procedure 


6.  3.  1  General:  Only  the  procedure  for  a  single  parachute, 
opening  in  two  steps  (single  disreefing),  will  be  discussed  in  this  analysis. 
Multiple  parachute  systems  are  only  an  extension  and  repeat  of  the  investi¬ 
gated  procedure.  It  will  be  further  assumed  that  the  types  of  parachutes  used, 
the  number  of  parachutes  in  the  system,  and  the  types  of  reefing  steps  are 
generally  preselected.  In  addition  to  this,  the  size  of  the  final  parachute  is 
determined  from  the  given  requirements.  A  typical  computer  computation 
procedure  will  be  discussed  in  the  following  paragraphs. 


6.  3. 2  Reefed  Opening:  In  order  to  utilize  the  computer  fully, 
it  is  advantageous  to  feed  in  filling  time  and  drag  area  in  equation  form  given 
in  Paragraphs  5.  6  and  5.  7.  In  the  formula  for  filling  time ,  (5.2), 


t 
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the  bracketed  expression  times  DQ  is  the  referenced  diameter  of  the  reefed 
parachute  and  n  is  a  value  to  be  selected  from  Figure  41  or  42.  Using  the 
expression  for  drag  area  increase  versus  time,  (5.4), 


with  ni|  equal  to  ,5  to  .52  introduces  an  interdependency  between  time  and  drag 
area  that  the  computer  cannot  solve.  When  m  is  less  than  1.0,  the  value  of 
(C[-j  S)^  approaches  the  preselected  maximum  value  asymptotically.  Thus, 
either  the  maximum  value  will  be  reached  too  soon,  or  it  will  never  be  reached. 
The  drag  area  of  the  reefed  parachute,  therefore,  has  to  be  preselected  with 
reasonable  accuraev.  The  following  two  methods  appear  practical: 


(a)  Knowing  maximum  allowable  parachute  force,  the 
parachute  drag  area  in  the  reefed  state  can  be  obtained  from  the  relation, 

(CD  ‘  '5)p  q  xo  x[  where  (Cp  S)j^  is  the  allowable  drag  area  of  the 
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reefed  parachute.  The  opening  shock  factor,  x  ,  has  been  found  from  previous 
evaluations  in  Paragraph  5.  7,  to  be  equal  to  1.0  for  reefed  parachutes.  Xj  can 
be  determined  with  reasonable  accuracy  from  the  fact  that  the  canopy  loading 
W/(CD.S)Rfor  r  eefed  main  recovery  parachutes  generally  varies  from  20 
lbs/sq  ft  to  about  50  lbs/sq  ft.  Calculations  show  that  this  will  result  in  an 
factor  of  approximately  0.7  to  0.9  (see  paragraph  5.  1).  With  this,  a  preliminary 


drag  area  increase  versus  time  equation  (5.4),  can  now  be  fed  into  the  computer. 
The  computer  will  proceed  along  preselected  time  steps  and  will  stop  as  soon  as 
maximum  parachute  force  is  reached.  If  the  drag  area  at  this  point  varies  from 
the  drag  area  selected  in  the  preliminary  analysis,  a  correction  has  to  be  made, 
and  the  computer  run  has  to  be  repeated  so  as  to  arrive  at  the  proper  value  in 
the  second  or  third  run. 

(b)  Another  simple  approach  uses  the  following  method: 

It  is  assumed  that  the  parachute  will  open  reefed  with  a  linear  increase  of 
(Cq.S)x  versus  time.  Now  the  total  filling  time  of  the  parachute,  tp  can  be 
calculated  from  the  known  diameter  DQ,  and  the  known  opening  velocity.  In  this 
case,  the  computer  will  easily  accommodate  the  formula,  the  only  change  being 
that  the  power  factor,  m,  for  the  drag  area  increase  versus  time  formula  is 
equal  to  1.0.  Using  this  approach,  it  was  found  that  the  parachute  force  is  about 
25%  too  high,  resulting  in  a  drag  area  for  the  reefed  parachute  that  is  about  25% 
too  low.  Applying  a  corrected  drag  area  value  and  using  the  equated  approach 
will  now  give  the  right  value.  The  result  obtained  from  the  linear  solution  for 
opening  into  the  reefed  stage  could  be  used  as  a  conservative  approach,  since 
it  will  always  be  on  the  safe  side  as  far  as  parachute  forces  are  concerned. 

6.  3.  3  Reefed  Drag  Area:  Once  the  reefed  drag  area  has  been 
obtained,  based  on  the  allowable  maximum  force,  the  computer  will  continue  to 
advance  at  predetermined  time  increments  cither  up  to  a  previously  selected 
time,  or  until  terminal  velocity  is  approached.  It  was  found  from  experience 
that  certain  factors  generally  determine  length  of  reefing  time.  Qualified  reef¬ 
ing  line  cutters  are  available  only  in  even  seconds  of  1 ,  2,  3,  4,  6,  8  and  so  on. 
In  addition,  waiting  until  the  reefed  parachute  has  reached  terminal  velocity 
generally  results  in  unnecessary  loss  in  time  and  altitude.  It  was  found  that 
starting  dis  reefing  at  approximately  125%  of  terminal  velocity  in  the  reefed 
condition  results  in  a  practical  solution. 

6.3.4  Disreef  to  Full  Open:  At  the  point  of  disreef,  the  com¬ 
puter  will  program  according  to  equation  5.3.  A  value  for  m  must  be  selected 
from  Figures  41  or  42.  A  preliminary  value  of  5  to  6  is  recommended.  Now 
the  computer  can  continue  to  calculate  the  velocity  decay  until  the  maximum 
force  and  final  rate  of  descent  arc  reached.  If  the  maximum  force  remains 
within  the  allowable  limits,  then  no  further  problem  exists.  The  point  of 
maximum  parachute  force  during  final  disreefing  for  recovery  parachutes 
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generally  occurs  long  before  the  parachute  is  fully  opened.  If,  however,  maxi¬ 
mum  force,  F0,  is  exceeded,  it  is  necessary  to  return  to  the  point  of  disreefing. 
If,  at  this  time,  the  velocity  is  still  above  terminal,  it  might  be  advantageous  to 
extend  the  reefed  time.  This  will  result  in  a  further  decrease  in  velocity  before 
the  start  of  final  inflation.  In  the  event  that  extending  the  reefed  time  does  not 
sufficiently  reduce  the  opening  force,  the  only  alternative  would  be  to  add  a 
second  stage  of  reefing  or  to  increase  the  allowable  maximum  parachute  force. 

6.4  Result  of  Computer  Calculations 


Check  runs  were  made  in  an  attempt  to  match  actual  drop  test 
data.  Since  force  was  for  both  the  USD-5  as  well  as  B-70,  the  ultimate  design 
criteria,  the  obviously  logical  step  was  a  comparison  between  computer  and 
actual  measured  forces  using  the  same  starting  and  end  conditions.  Figures 
51,  52  and  53  are  profiles  of  computer  data  with  experimental  data  superim¬ 
posed.  It  can  be  seen  that  a  rather  good  agreement  exists  between  the  experi¬ 
mental  and  computed  force  values.  Quite  a  number  of  trajectories  were  cal¬ 
culated  which  all  showed  good  agreement,  generally  considerably  better  than 
10%. 


6.  5  Summary 

The  computer  calculations  show  a  good  agreement  with  the  actual 
test  values,  generally  within  or  better  than  10%.  It  has  to  be  realized  that  the 
present  evaluation  is  limited  to  extended  skirt  parachutes.  The  evaluated  data 
may  not  cover  a  wide  enough  range  to  apply  for  solid  material  recovery  para¬ 
chutes  in  general,  with  the  same  accuracy  as  obtained  in  the  presented  sample 
calculations.  What  appears  the  most  important  conclusion  is  the  fact  that  a 
computer  analysis  was  possible  using  an  equated  approach  for  the  step-wise 
parachute  opening  process  that  resulted  in  surprisingly  good  agreements  be¬ 
tween  test  data  and  computer  data. 


7.  0  HANDBOOK  COMPARISON 


The  follow  ng  comparisons  can  be  made  with  data  contained  in  Reference 
4:  WADC  TR-55-265,  United  States  Air  Force  Parachute  Handbook. 

(a)  Drag  Coefficient  of  Extended  Skirt  Parachutes 

Figures  17  and  37,  as  discussed  in  paragraph  5.  3  of  this 
report,  show  the  drag  coefficients  obtained  with  single  34.5-foot  diameter  and 
35.  5-foot  diameter,  10%  extended  skirt  parachutes,  and  with  single  71 -foot 
diameter  and  a  cluster  of  two  78-foot  diameter  conical  fully  extended  skirt 
parachutes.  The  values  obtained  fall  in  the  upper  range  of  drag  coefficient 
values  given  in  Reference  4,  page  2-1-20,  and  agree  well  with  data  published 
in  References  7  and  8.  For  properly  designed  extended  skirt  parachutes,  it  is 
recommended  to  use  a  design  drag  coefficient  (Cq  )  of  .  85  for  small  diameter 
parachutes  at  a  rate  of  descent  of  approximately  28.  0  fps,  and  a  drag  coefficient 
(Cp)  )  of  .  75  to  .  8  for  large  parachutes  descending  at  a  rate  of  25  fps. 

(b)  Filling  Time 


Reference  4,  page  4-2-3,  gives  a  generalized  formula  for 
parachute  filling  time.  Equations  5.1,  5.2  and  5.3,  and  Figures  39  and  40  of 
this  report  show  that  the  filling  time  of  unreefed  extended  skirt  parachutes,  the 
reefed  fill  time,  and  the  disreefed  fill  time  will  vary,  based  on  velocity  and 
parachute  diameter.  The  n-factor,  in  Formula  5.  1,  given  in  Reference  4  as  8, 
wili  vary  from  4  for  large  diameter  parachutes  opened  at  low  speeds  to  20  for 
reefed  parachutes  with  small  drag  areas  opened  at  high  speeds  (see  Figures  41 
and  42).  It  can  be  reasoned  that  a  similar  qualitative,  and  probably  quantitative, 
trend  can  be  assumed  for  solid  flat  and  for  solid  conical  parachutes. 

(c)  Drag  Area  Increase  Versus  Time 

Reference  4  does  not  specifically  deal  with  drag  area  increase 
versus  time;  however,  it  is  known  that  drag  area  of  ribbon  parachutes  increases 
approximately  linearly  with  time.  The  drag  area  increase  for  extended  skirt 
parachutes  as  evaluated  from  tests  is  shown  in  Figures  43  and  48,  and  analyzed 
in  equations  5.  4  and  5.  5.  The  data  show  a  convex  type  drag  area  increase  from 
line  stretch  to  reefed  opening  with  a  power  factor  of  approximately  .  5,  and  a 
concave  type  drag  area  increase  from  disreef  to  fully  open  with  a  power  factor 
of  approximately  3  to  4. 

(d)  Drag  Area  Ratio  Versus  Reefing  Line  Ratio  for  Ribbon 
Pa  rachutes 


Data  for  the  ribbon  deceleration  parachute  of  the  USD-5  drone, 
as  plotted  in  Figure  49,  differ  from  those  published  in  Reference  4,  page  4-5-5, 
Figure  4-5-9.  The  data  on  the  USD-5  ribbon  deceleration  parachute  agree  very 
well  with  the  data  obtained  in  numerous  tests  by  the  USAF  6511th  Test  Group 
at  El  Centro. 
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(e)  Drag  Area  Ratio  Versus  Reefing  Line  Ratio  for 
Extended  Skirt  Parachutes 

The  evaluated  data  show  a  distinct  difference  from  the 
ribbon  parachute  data  and  the  data  contained  in  Reference  4.  The  ratios 
given  in  Figure  49  for  extended  skirt  parachutes  are  accurate  within  the 
limited  number  of  evaluated  tests,  but  appear  useful  also  for  solid  flat  and 
solid  conical  parachutes  until  better  data  become  available. 


36 


8.0  CONCLUSIONS 


8.  1  Final  recovery  parachutes  presently  used  in  missile  and  space¬ 

craft  systems  are  generally  in  the  200  to  250-knot  deployment  velocity  range 
with  drag  area-to-weight  ratios  of  40  to  50  ft^  per  pound  of  parachute  weight. 
This  performance  can  be  improved  at  the  same  velocity  range  to  about  60  ft^ 
of  drag  area  per  pound  of  parachute  weight,  or,  at  the  same  drag  area-per- 
pound  ratio  to  approximately  350  to  400  knots  by  using  the  following  advanced 
design  principles  : 


(a)  Optimization  of  aerodynamic  canopy  design 

(b)  Optimization  of  construction 

(c)  Controlled  deployment  and  parachute  opening 

8.2  Performance  calculations  of  advanced  recovery  systems  are 

quite  complex  if  multiple  stage  parachute  assemblies  and  vehicles  with  changing 
aerodynamic  configurations  have  to  be  considered.  The  latter  may  include  os¬ 
cillating  vehicles  or  vehicles  changing  from  0  to  90  degrees  attitude  with  a  re¬ 
sultant  large  change  in  drag  area  affecting  trajectory  velocity  during  a  parachute 
opening.  Performing  these  calculations  by  computers  appears  to  be  a  logical 
solution  considering  the  fact  that  closed  solutions  for  parachute  opening  cannot 
account  for  staged  parachute  opening  or  changes  in  vehicle  drag.  It  is,  therefo-  j, 
necessary  to  obtain  parameters  that  are  suitable  for  computer  use.  This 
includes  clearly  defined  opening  times  obtained  empirically  and  put  into 
analytical  form  and  drag  area  increases  versus  time  during  staged  parachute 
opening . 

8.  3  The  analysis  of  two  test  programs,  conducted  with  the  USD-5 

Drone  parachute  recovery  system  and  the  B-70  encapsulated  seat  parachute 
system,  shows  that  data  useful  for  parametric  analysis  can  be  obtained  from 
operational  projects  despite  the  fact  that  emphasis  in  these  tests  is  generally 
on  meeting  performance  requirements  and  tests  schedules  rather  than  on 
obtaining  data.  Data  to  be  obtained  should  include  trajectory  velocities 
measured  by  phototheodolite  or  radar,  forces  obtained  by  strain  gage  telemetry, 
event  coverage  obtained  by  ground-tc-air  and  air-to-air  photography,  and, 
quite  important,  accurate  time  coordination  between  velocity,  force,  and  photo 
coverage . 

8.4  Parachutes  in  a  controlled  deployment  and  opening  system  be¬ 

have  more  regularly  with  regard  to  filling  time  and  drag  area  increase  versus 
time  than  is  usually  possible. 

8.  5  Filling  times,  as  established  in  the  Parachute  Handbook,  do  not 

apply  to  extended  skirt  parachutes  and  n-values  in  Formula  5.  1  for  reefed  open¬ 
ing,  full  opening  and  disreefing  are  not  the  same.  Opening  time  n -factor  in- 
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creases  with  velocity  due  to  either  higher  velocity,  or  due  to  the  influence  of 
permanently  attached  pilot  chute.  Drag  area  increase  versus  time  (m-factor) 
occurs  with  approximately  0.5  power  for  reefed  opening  and  approximately  3.0 
power  for  disreefing  or  opening  without  reefing. 

8.  6  Using  the  parametric  data  obtained  in  this  report  shows  that 
within  the  limits  of  this  investigation  velocity -fore e -time  data  of  closer  than 
10%  compared  with  actually  measured  data  can  be  obtained  in  computer  analy¬ 
sis.  This  is  a  highly  important  fact  and  much  better  than  previously  expected. 

8.  7  There  is  good  reason  to  assume  that  data  obtained  in  this  study 
with  extended  skirt  parachutes  may  be  useful  for  other  types  of  solid  material 
parachutes . 

8.8  A  relationship  was  established  between  drag  area  ratio  and  reef¬ 

ing  line  ratio  for  extended  skirt  parachutes  which  are  different  from  data  pub¬ 
lished  for  ribbon  parachutes.  It  can  be  assumed  that  these  data  may  be  usable 
for  other  types  of  solid  material  parachutes  until  data  on  those  parachutes  be¬ 
come  available. 

8.  9  No  decrease  in  filling  time  could  be  observed  in  drops  conducted 
at  15,000  feet  altitude  as  compared  with  drops  at  2,000  feet  altitude. 
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APPENDIX  I 


DERIVATION  OF  PARACHUTE  DISPLACEMENT  ANGLE 
VERSUS  TIME  (STABILITY)  ANALYSIS 


This  method  was  devised  to  analyze  stability  for  the  Recovery  Parachute 
System  of  the  B-70  Air  Vehicle,  Encapsulated  Seat,  from  a  single  set  of  photo¬ 
graphs.  This  was  necessary  because  of  the  lack  of  Askania  stability  data.  It 
will  be  found  on  investigating  the  method  outlined  in  this  report  that  a  valid 
analysis  can  be  made  from  a  set  of  photographs  viewing  the  parachute  from  one 
point,  providing  the  distance  from  the  camera  to  point  of  impact  is  known. 

Two  sets  of  measurements  are  taken  from  the  photographs.  First,  the 
angle  of  oscillation  is  measured  in  the  plane  of  the  photograph  with  a  protractor 
and  denoted  by  8.  Second,  the  ratio  of  the  minor  and  major  axes  is  determined 
by  measuring  the  observed  ellipse  to  establish  oscillation  perpendicular  to  the 
plane  of  the  photograph.  This  true  angle  of  oscillation  in  the  plane  of  the  photo¬ 
graph  is  noted  as  B^  on  the  sketch.  When  corrected  to  give  an  angle  from  a  true 
vertical  (or  a  projection  of  B^  in  a  vertical  plane  through  the  line  sight),  it  is 
denoted  as  0 . 

As  rate  of  descent  was  always  calculated  from  the  weighted  store,  no 
correction  was  made  for  the  distance  from  the  store  to  the  parachute  skirt 
line.  As  this  correction  is  proportional  to  the  altitude  analyzed,  the  error 
introduced  only  becomes  apparent  near  impact. 

It  was  determined  by  differential  technique  that  a  5%  error  in  all  measure¬ 
ments  resulted  in  a  total  error  of  2.5%  in  the  final  form. 

The  remaining  part  of  the  process  of  analysis  is  presented  following  the 
diagram  of  the  method  of  analysis. 

The  graphs  are  presented  in  the  following  manner.  The  center  point  of 
the  graph  represents  the  apex  of  the  recovery  parachute  as  a  fixed  point.  The 
motions  of  the  load  beneath  the  parachute  are  plotted  at  approximately  0.4 5 
second  intervals.  The  points  are  then  connected  by  a  line  which  represents 
the  path  traveled  by  the  weighted  store  attached  to  the  suspension  lines.  As 
the  photographs  used  were  taken  for  rate  of  descent  test,  only  the  last  200  feet 
before  impact  can  be  analyzed. 
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VIEW  §5 


VIEW  H  1  Side  view  showing  true  view  of  oC 

VIEW  HZ  View  represents  photograph,  and  projection  along  line  of  sight 

X  -X  f  rom  View  #  1 . 

VIEW  Hi  Projection  from  View  HZ  along  axis  W -W  to  show  true  of 

(3\  --  sin'1^. 

Angle  0  desired,  angle  of  oscillation  that  is  perpendicular  to  the  plane  of  the 
photograph.  If  (D ,  oC  ,  and  ^  are  positive  as  shown, 
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Let  the  subscript  indicate  the  view  so  that  XY i  is  the  length  from  X  to  Y  in 
View  §\,  OX3  is  the  length  from  X  to  Y  in  View  #3,  etc. 


Tan ■ 


_  XY  1 

"  oyT 


Tan^; 


=  WX3 

"  UW3 


But  XY^  =  WX3  and  OW3  =  OX2  from  projections 


OX2Tan^i  =  OYi  Tan^  2  =  wx3  =  XY1 


Tan/^2  =-^y  Tan^  1 


But 

ox2 

,  from  View  #2,  so  that 

Cos  0 

Tan^2 

_  OY2  Tary^i 

Cos  0  OY ! 

But 

OY 1 

=  OY2  from  project 

ion  so 

Taiy#2 

=  Tan^i  ,  and 

Cos  0 

(I) 

•  Tan'1  11  -  Tan-' 
i) 

Tan/&  1 

Cos  0 

=  Tan-'  11  .  Ta„-1 

Tan  Sin  ' 

I)  Cos  0 
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Figure  5  Main  Parachute  Deployment  Sequence,  B-70  Capsule  Recovery  System 
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Figure  ZO 


Stability  Analysis,  B-70  Test  No.  51 
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Figure  22:  Fore e -Velocity -Ti me  Profile,  B-70  Test  No.  33 
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i^urc  Z  3 :  Foret* -Velocity -Time  Profile,  B-70  Test  No.  48 
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Figure  Z  5 :  Force-Velocity-Time  Profile,  B-70  Test  No.  54 
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igure  38  Nomenclature  for  Opening  of  Parachutes 
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FOREWORD 


This  report  was  prepared  by  Space  Recovery  Systems,  In.  .  .  a  division 
of  Itek  Corporation,  in  compliance  with  Contract  No.  AF  33(6 16} -8371 ,  Pro¬ 
ject  No.  6065  and  Task  No.  606503.  The  Retardati  on  and  Recovery  Branch, 
Flight  Accessories  Laboratory,  Aeronautical  Systems  Division,  was  the 
initiating  agency  with  Mr.  L.  L.  Watson  serving  as  Project  Officer, 

The  work  at  Space  Recovery  Systems  was  conducted  by  Mr.  T.  W.  Knacke, 
Vice  President  Research  and  Engineering  and  Mr.  L.  I.  Dimmick,  Chief  Aero¬ 
mechanics  Section.  Staff  members  that  contributed  to  the  report  include, 

Mr.  B.  A.  Engstrom,  Chief  Pa ramechani c s  Department,  and  Mr.  C.  L.  Byrd, 
Senior  Engineer.  Work  was  initiated  on  1  May  1961  and  completed  on  31  Dccembi 
1961. 


This  is  the  final  report  under  contract  AF33(6  16)  —  8371 .  The  contractor's 
report  number  is  SRS  project  No.  716. 
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